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FOREWORD 


This  report  wu*  prepared  under  Task  3H  which  was  assigned  nth"  Nnvy  Weather  Heseurrh 
Facility  for  the  purpose  of  determining  tin?  meteorological  effect  upon  n  pollutlm?  umlrrlsl  i-c* 
leased  Into  the  atmosphere  within  ports  and  harbor*  of  Interest  U:  the  Navy, 

Thr  publication  Invest  lgu!  os  the  pollution  pntentinl from  shtpr.  in  Hampton  Montis,  A  simi¬ 
lar  publication  fur  San  Diego  Harbor  lma  previously  betin  publlah.nl;  however,  the  present  re¬ 
port  rtn bodies  some  more  rerenl  developments  in  the  calculation*  of  atmospheric  diffusion, 

A  genera!  estimate  of  the  microclimate  of  the  Hampton  Hoads  n  renin  presented,  since  de¬ 
tailed  data  are  not  available  on  ihr  microclimatic  scale,  A  complete  microclimatic  invcstl- 
garon  on  the  time  and  space  variation  of  wind,  temperature  gradient,  and  precipitation  within 
litis  region  would  lie  extremely  complex  and  too  ambitious  u  tusk  for  die  purpose  of  this  report, 
Consequently,  though  mirh  n  study  may  he  desirable,  it  has  not  been  attempted,  Avidliible  meteo¬ 
rological  records  Tor  the  Hampton  Honda  region  have  been  ml  listed,  and  from  these  data,  param¬ 
eters  have  been  chosen  which  are  uonsldered  most  useful  in  rvaUmtlnp  the  travel  and  dispersion 
of  airborne  material,  The  effects  of  these  parameters  arti  dtauusueb,  and  general  summaries 
of  their  diurnal,  seasonal,  and  monthly  changes  have  been  prepared. 

The  estimates  of  the  dispersion  of  pollutant  mnterlnls,  released  to  the  lower  atmosphere 
(to  approximately  2,8Q0  feet),  are  presented  within  the  limits  of  our  current  knowledge  on  this 
scale.  However,  the  general  nature  of  the  estimates  of  extent  and  ground-level  concentration 
of  the  contaminant  trnvr  room  for  improvement,  possibly  by  more  detailed  meteorological  In¬ 
formation  or  research  Into  the  dispersion  of  materials  on  this  scale  of  interest, 

The  order  oi  presentation  of  the  work  differs  from  the  usual  and  should  be  explained,  11 
is  customary  In  meteorological  studies  io  begin  with  «  detailed  description  of  the  site  and  Its 
climatology,  and  then  to  show  the  significance  of  these  features  In  terms  of  the  problom,  This 
presupposes  considerable  familiarity  with  the  subject  and  is  the  actual  order  of  the  original 
development  of  the  work.  However,  the  processes  described  are  not  especially  familiar,  and 
the  significance  of  the  climatological  variations  Is  much  clearer;  If  reviewed  after  an  under¬ 
standing  of  tt:«  problem  la  assured, 

Chapter  1  la  Intended  to  give  the  reader  an  Introduction  to  and  hopefully  an  understanding  of 
the  basic  concepts  In  diffusion  meteorology.  Chapter  2  deals  with  calculations  of  the  various 
diffusion  patterns,  using  a  hypothetical  release  of  2  x  101  units.  Chapter  3  presents  the  dim 
tology  of  the  Hampton  Ronds  urea,  stressing  the  meteorological  pnramet  irs  most  importum 
from  an  atmospheric  pollution  standpoint.  Chapter  4,  the  concluding  section,  specifically  dis¬ 
cusses  the  pollution  potential  of  Hampton  Hoads  from  the  theory  discussed  in  chapter  1  and  the 
calculations  and  the  dsta  presented  In  chapters  2  aid  3, 

The  report  was  assembled  from  current  literature  and  existing  data  end  wan  written  by 
Mr,  Hone  V.  Cormier,  Assltnnt  Task  Header,  under  the  supervision  of  ihr  Task  Header, 
Mr,  .John  M,  Mercer,  who  also  edited  this  publication. 

This  report  has  boon  reviewed  and  approved  on  1  July  IHH4  by  the  undersigned, 

.! A M MS  H.  KERR 
Commander,  U.  S,  Navy 
Officer  in  Charge 

U.S.  Niivy  Weather  Research  Facility 
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1.  PRINCIPLES  OP  DIPPUSIOH 


1.1  Trcraport  and  Oltuflen  1181 

Th»  diffusive  capacity  ofthe  a'mosphere  1* 
superimposed  on  the  general  air  motion*  and 
will  affect  any  foreign  matter  lnjocted  Into  the 
air,  whether  it  ia  a  amok#,  gas,  miet,  or  duat. 
In  order  to  understand  the  role  of  the  atmos¬ 
phere  in  moving  pollutant*  it  i*  necessary  to 
reeogni**  that  the  two  processes,  transport  and 
dilution,  operate  simultaneously.  T.io  general 
direction  that  a  pollutant  will  take  after  being 
Introduced  into  the  atmosphere  can  bs  estimated 
with  some  precision  from  the  general  flow  pat¬ 
tern*  indicated  on  a  synoptic  chart.  The  direc¬ 
tion,  at  any  point,  will  change  with  time  at  the 
large  scale  weather  systems  move  and  change 
their  intenalty.  If,  however,  we  scrutlnlae  the 
weather  map  in  detail, through  a  microscope  as 
It  wsre,  smaller  Irregularities  in  the  flow  be¬ 
come  evident)  not  only  has  th*  scale  been  in¬ 
creased  hut  more  observations  have  besn  used 
to  delinlat*  some  of  the  irregularities,  The 
sharp  discontinuities  in  the  wind  field  and  th* 
small  ao  called  "meao"  *****  and  lew*  ,  too 
amallto  be  eeen  on  th*  map  of  the  entire  United 
State*,  now  become  viaible.  The  system*  ob¬ 
served  on  this  scale  havellfo  spans  on  the  order 
of  a  faw  houra  to  leas  than  a  day,  If  we  now  in¬ 
crease  the  magnification  even  further,  say  look¬ 
ing  at  a  cigarette,  we  would  aeethat  inth*  space 
of  Just  a  foot  or  less,  the  amok*  from  the  ciga¬ 
rette  would  twist  and  turn  In  response  to  atmos¬ 
pheric  motions  as  small  as  an  Inch,  or  If  wo  had 
unusual  visual  acuity,  svsn  Isss,  Perturbations 
of  such  small  alee  probably  dlaappearln  a  mat¬ 
ter  of  a  few  seconds.  This  above  progression 
serves  to  Ulustrato  the  Increasing  complexity 
of  the  atmosphere  as  wo  regard  it  in  increasing¬ 
ly  greater  detail, 

The  mixing  of  material  with  the  atmosphere 
ia  caused  almost  entirely  ay  what  i*  called  eddy 
motion  ,  which  may  be  mechanical  or  thermal 
In  origin  or  due  to  both  effects  tn  combination. 
Anemometer  records  show  that  In  general,  and 
Mipeelally  In  the  lowerlayers  of  the  atmosphere, 
the  wind  is  highly  turbulent  with  the  velocity  on- 
rlllpting  with  periods  varying  from  a  fraction 
of  «  second  to  several  minute*  and  with  sri  am¬ 
plitude  whirl)  is  often  u  substantial  fraction  of 
the  average  speed.  Similarly,  direction  indica¬ 
tors  *bow  irregular  oscillations  no  that  the  wind 
vector  hi  constantly  changing  not  only  from  one 
'"Slum  to  another  but  also  from  one  point  to 


another.  The  eddies  which  give  rise  to  these 
velocity  fluctuations  cover  an  almost  infinite 
range  of  altse  and  the  diffusive  action  of  a  par¬ 
ticular  eddy  depends  mainly  on  Ita  aiate.  A  small 
parcel  of  a  contaminant  may  bo  merely  transpor¬ 
ted  as  a  whole  by  a  large  eddy  whereas  a  small 
eddy  would  be  an  effective  diffusing  agent,  In 
the  case  of  continuous  discharge  of  effluent,  aomo 
eddies  promote  diffusion  of  the  plume,  and  there¬ 
fore  mixing  with  the  surrounding  atmosphere, 
while  other  eddies  move  the  plume  In  a  serpen¬ 
tine  fashion  horiaontaily  and  vertically;  lii  gen¬ 
eral  the  puff  of  pollutant  will  move  in  the  dir¬ 
ection  dictated  by  those  motion*  largor  than  the 
puff,  while  the  diffusion  of  the  puff  will  bo  caused 
by  those  motions  smaller  than  the  puff. 

1.2  Studying  Smelts  Plumes  ;1B] 

The  relationship  between  atmospheric  mo¬ 
tion#  and  diffusion  may  be  further  Investigated 
by  studying  the  patterns  assumed  by  smoke 
plume#  (which  may  be  thought  of  as  a  continu¬ 
ous  string  of  puffs)  from  a  chimney  and  relat¬ 
ing  these  plumes  to  concurrent  wind  fluctuations 
oa  observed  by  a  recording  wind  vane  and  ane¬ 
mometer,  Figure  1,1a  ehow*  an  Instantaneous 
snapshot  from  abavt  a  chimney  emitting  smoke, 
If  wo  were  to  measure  the  percentage  concen¬ 
tration  of  th*  smoko  across  tho  plume  at  the 
slleo  A-A  we  might  well  have  a  pattern  similar 
to  that  in  figure  l, lb,  We  would  find  that  the 
concentration  value*  vary  erratically  across  the 
plume  and  drop  to  *oro  at  the  edge  of  the  j.  me. 
Now  tnstoad  of  an  Instantaneous  picture,  If  we 
were  to  take  a  5-minute  time  exposure  of  the 
smoke  plume  (fig,  1,2a),  we  would  note  some 
substantial  changes,  The  Irregular  edge  of  the 
Instantaneous  plume  would  be  replaced  by 
smoother,  regulai  edges,  The  crosswind  con¬ 
centration  curve  through  A-A  would  also  be 
more  regular  and  would  be  distinctly  higher  at 
the  center  than  at  cither  edge,  The  concentra¬ 
tion  along  the  axis  of  the  plume  would  decrease 
inversely  as  the  cross-sectional  area  of  the 
plume  Increased,  Had  we  placed  a  wind  wave 
near  the  mouth  of  the  chimney  and  measured  tho 
wind  direction  we  might  find  ‘hat  the  recorder 
trace  looked  like  that  in  figure  1,2c.  Tho  dir¬ 
ection  Is  rarely,  If  ever,  steady  even  over  u 
oerlod  this  short.  A  histogram  constructed  from 
instantaneous  direction  values  taken  atone  nee  - 
tit  d  intervals  is  shown  In  figure  l.2d.  The  simi¬ 
lar  ty  between  figure  !  ,3b  nnd  l./td  l*.  riot  neei- 
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A.  INITANTANXOUI  SNAPSHOT  FROM  I  INSTANTANEOUS  CROSSW1NO 
AIM  A  SMOKE  HUMS,  PEftCENTAOE  CONCENTRATION 

AT  SECTION  A- A. 

f  jiuM  j .  1 ,  CssUiOfstica  s!  s  Smcis  [ /' ■  “  J !~d~,  ! B ] 


dental.  If  the  wind  at  a  given  instant  ia  from, 
any,  380*  than  the  amoke  from  the  c  himnoy  in 
that  inatant  will  move,  generally,  with  the  wind 
and  lnteraeot  A-A  at  300*.  At  each  auooeedlng 
aecond  the  emitted  amoke  will  move  with  the 
wind  direction  at  that  aeoond,  Thue,  curve* 
1.3b  and  1,3d  will  be  aimilar,  Tbia  relation¬ 
ship  la  not  quite  ae  simple  a*  stated  here,  A 
particle  of  smoke  need  not  maintain  its  initial 
direction  indefinitely,  Muoh  recent  study  has 


been  devoted  to  this  subject. 

For  our  present  purposes,  however,  it  is 
only  neceaeary  to  recognise  that  the  result  of 
imm the  data  over  a  few  minutes  has  been  to 
smooth  out  the  irregularities  in  both  smoko  con¬ 
centration  and  wind  direction  frequency  distri¬ 
butions, 

Vertical  as  well  as  horieontal  wind  fluent- 
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A.  FIVE  MINUTE  TIME  EXPOSURE  PROM  •.  FIVE  MIHUTI  CROSSWINO 
ASOVt  A  SMOKE  SCUM#  PSRCENTASE  CONCENTRATION 

AT  MOTION  A-A, 
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Fl/utt  1.3,  Kamplu  a  I  Vattlcal  Wind  Fluctuation!,  [from  M,  II) 


ation*  art  of  importance  in  attesting  diffusion. 
Figure  1.3  aliow*  how  the  vertloai  wind  fluciu- 
etiont  might  appear.  Their  effect  on  plume  shape 
and  concentration  ie  also  shown, 

The  faotthat  the  apparently  chaotic  atmos¬ 
pheric  motions  maybe  ahownto  fall  into  smooth 
and  regular  patterns  by  the  application  of  suit¬ 
able  averaging  techniques  has  enabled  meteoro¬ 
logist  to  forecast,  with  some  accuracy,  the  ex¬ 
tant  to  which  an  atmospheric  contaminant  will 
be  diffused.  The  magnitude  of  the  fluctuations 
may  be  related  to  the  vertical  atmospheric  tem¬ 
perature  structure,  which  in  turn  la  related  to 
the  intensity  of  sola?  radiation  (or  the  lack  of 
it)  end  the  speed  of  the  wind.  When  the  inso¬ 
lation  is  intense  and  the  wind  is  light  (convec¬ 
tive  instability),  as  might  be  the  case  on  a  clear 
summer  day,  atmospheric  motions,  both  vertical 
amt  horiiontal,  will  be  initiated  or  enhanced. 
When  solar  insolation  la  weak  or  absont  and  the 
wind  speed  low,  rs  on  a  clear  night,  tempera¬ 
ture  decreases  slowly  or  even  increases  with 
holgi  (inversion  condition)  tending  to  Inhibit 
turbulent  motions.  Neutral  conditions  common¬ 
ly  occur  when  the  (sky  Is  overcaatorin  the  pret¬ 
ence  of  Ntrong  winds  which  mix  the  air  very 
thoroughly.  High  wind  speeds  tend  to  reduce 
the  fluctuations  during  strong  insolation  con¬ 
ditions  and  increase  fluctuations  when  the?  in¬ 
solation  U  small.  Figure  1,4  serves  ns  u  guide 
for  depicting,  schematically,  model  effects  of 
vertical  siaoillty  on  deaperslon.  Near  the  ground, 
tlic  stain  of  the  atmosphere  cun  dl'fer  markedly 
from  that  depleted  by  radiosonde  <  'isnrvntions; 
i.  lapse  rates;  arc  unoaily  steeper  during  in¬ 


solation  condition*  and  more  stable  during  ln- 
vorsions, 

1,3  Theoratleol  Studies 

A  number  of  theoretical  studies  have  pro¬ 
duced  fairly  straight  forward  methods  for  esti¬ 
mating  the  history  of  contaminants  introduced 
Into  the  atmoaphere.  However,  it  is  necessary 
to  keep  in  mind  that  these  theoretical  treat¬ 
ments  are  so  highly  idealised  that  their  limita¬ 
tions  must  be  understood  if  serious  errors  urc 
not  to  be  made. 

1,3.1  Sutton  (21,  22,  and  23) 

The  well-known  theory  developed  by  Sutton, 
along  semiomporical lines, provides  a  satisfac¬ 
tory  means  of  estimating  concentrations  In  a 
cloud  or  plume  of  effluent  for  distances  of  travel 
of  about  1  kilometer  and  for  atmospheric  con¬ 
ditions  corresponding  to  neutral  equilibrium, 
Sutton’s  theory  is  formally  complete  in  that  it 
Investigates  the  effects  of  wind  epeed,  turbu¬ 
lence,  and  atmospheric  stability;  however,  it  Is 
too  restrictive  for  real-life  application,  where 
atmospheric  conditions  are  more  often  other 
than  neutral  and  where  interest  lies  beyond  dis¬ 
tances  of  1  kilometer.  Extended  application?!  of 
the  theory  (treating  Sutton’s  diffusion  para¬ 
meters  more  os  adjustable  constants  than  as 
fundamental  quantities)  to  varying  degrees  of 
atmospheric  stability,  to  greater  distances,  and 
to  all  kinds  of  terrain  have  been  attempted  lust 
have  been  leer  successful. 
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1.3,2  Pnaqulll  and  Meade  1 12,  13,  anti  141 

In  light  of  the  above  considerations  it  la 
clearly  desirable  to  tsta  a  more  direct  account 
of  condition*  actually  prevailing  In  the  atmos¬ 
phere  ovar  the  distance  and  height  for  \'hlch  con¬ 
centrations  are  to  be  estimated.  In  England, 
Pasqulll  and  Meade,  along  these  lines,  recently 
proposed  a  simple  system  of  estimating  atmos¬ 
pheric  dispersion  from  a  continuous  point  aource 
that  seams  likely  to  find  widespread  acceptance 
among  workcra  in  the  field  of  diffusion,  it  em¬ 
bodies  the  main  principle  of  Sutton’s  work  but 
applies  the  appropriate  atmospheric  conditions 
directly, 


mulft) 


V . ,«hrw> 


»■  h* 


(1.1) 


where; 

X  *  (depending  on  the  units  of  Q>  ground 
level  air; 


(1)  concentration  (unit#  per  cubic  meter) 
or 


(3)  dosage  (units -seconds  per  cubic 
meter) 


Q  •  source  strength,  either; 


Thess  investigations  have  shown  that  a  fair¬ 
ly  rational  allowance  can  be  made  for  the  effect* 
of  much  of  the  wide  variation  in  atmospheric  tur¬ 
bulence  which  occur  in  reality  over  a  particular 
dlstanca  from  a  pollutant  souroe,  Although  many 
aspects  of  the  problem  require  further  attention, 
thsae  recent  developments,  supported  also  by 
experimental  studies  in  this  country,  form  a 
basis  for  a  tentative  system  of  estimating  dif¬ 
fusion  within  a  wide  range  of  meteorological 
conditions  and  over  distance*  of  up  to  100  kilo¬ 
meters, 

(*)  Staff  SffNBipIfa* 

A  cloud  of  smoke  or  other  airborne  sub¬ 
stance,  continuously  generated  at  ground  level, 
drifts  downwind  ns  a  long  plume;  It*  width  and 
height  increasing  with  distance  travelled  in  at  • 
cordanoe  with  the  degree  of  turbulence  present. 
If  measuring  instruments  are  placed  at  varying 
distances  and  at  varying  heights  downwind  and 
across  wind,  it  is  found  that  for  any  plane  per¬ 
pendicular  to  tho  direction  of  the  wind,  the  con¬ 
centration  decays  horlaontally  and  vertically 
with  a  distribution  that  closely  resembles  s 
Ouusslan  error  curve  (a  "normal”  distribution). 
This  means  that  the  concen  tlon  drops  off  sym¬ 
metrically  in  any  two  directions  from  the  line  of 
maximum  concentration  according  to  n  normal 
error  law,  na  Illustrated  in  figure  l,t).  This 
assumption  forms  the  basis  for  succeeding  de¬ 
velopments. 

f >. I  Thf  t',iffor4  Vni/t/Vealis.r, f  |0l 

The  work  of  Pasqulll  end  Meade  expressed 
in  a  slightly  modified  form  suggested  by  Gifford 
( 1  (Hi!)  yields  the  so-culled  generalized  Gaussian 
plume  formula  of  the  haute  dispersion  equation, 
lisluo  known  a *•  the  Ouusslan  interpolation  for- 


(1)  continuous  source  (units  per  second) 
or 

(3)  instantaneous  source  (units) 

»  *  3,14 

«,  •  lateral  dispersion  coefficient  (meters) 
«  vertical  dispersion  coefficient  (recurs) 
a  »  msan  wind  speed  (meters  per  second) 
»  •  the,  exponential 

y  •  erosswlnd  (lateral)  distance  from  plume 
axis  (mstare) 

t 


J.5,  /Vti.'KMi  Dhirihutit'.n  at  Air  . 
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*  *  heigh*  of  the  source  above  this  grouid 
(meter*) 

The  modification  consist*  of  expressing 
the  dispersion  coefficients  In  the  y  and  s  dl  • 
rectionsas  standard  deviations  of  the  plume  dis¬ 
tribution,  a,  ends,,  rather  than  the  points  at 
which  the  concentration  falls  to  10  percent  of 
its  axial  value  (a  figure  representing  the  visual 
extent  of  moat  smoke  plumes).  The  right-hand 
aide  of  equation  1.1  contains  a  multiplicative 
factor  of  2,  which  is  a  conventional  device  to 
account  for  the  aaaumed  reflection  of  the  plume 
by  the  around  plane. 

In  order  to  aolvethe  aquation,  Pasqulll  |13| 
proposed  families  of  ourvea  of  dispersion  co= 
efficients  versus  distance  from  the  source;  these 
are  baaed  both  on  recent  concentration  measure¬ 
ments  and  on  theoretical  expectiona,  In  terms 
of  o,  and  9,  the  valuta  are  given  in  figure  1,6 
and  figure  1,7,  from  Clifford  [10],  Table  1,1 
[10  and  11]  should  be  used  in  conjunction  with 
these  figures;  it  shows  how  the  stability  cate¬ 
gories  A  through  F  are  ralated  to  wind  spaed, 
Insolation,  and  the  state  of  aky.  Sms*  inso¬ 
lation,  for  axamplo,  refers  to  sunny  conditions 
around  midday  In  midsummer,  while  Slight  in¬ 
solation  refers  to  tho  corresponding  conditions 
in  midwinter,  Ualng  equation  1,1,  figures  1,6 
and  1.7,  and  table  1,1,  graphs  of  downwind  con¬ 
centrations  may  b«  prepared, 

fc)  Compered  with  Sullen 

Generally  speaking,  concentration  patterns 
computed  with  equation  1,1  will  closely  resem¬ 
ble  those  computed  by  Sutton's  traditional  meth¬ 
od,  The  chief  difference  Ilea  in  the  behavior  for 


Figure  !.6.  Horixontnl  Di*p*r*ion  Ptramoter  (rncttuQ),  as 
a  Function  of  flown* vim!  fl/®Mnret  x  (rnttcraj, 
tor  Various  Wtvt(h*r  Type*. 


Pi  tun  1,7,  Ymlietl  Dlnptnlon  Pan  meter  si,  fmtore),  m  * 
*!K5?ion  ol  DctmtilnA  fl(*fsno«,  x  (met**)  hi 
Vtritut  tenth*  Type*, 

dlatanees  beyond  about  10  kllometera,  Down¬ 
wind  ground  concentrations  computed  for  a  type 
,  F  condition,  at  greater  distances,  arc  higher 
than  concentrations  computed  using  stable  dif¬ 
fusion  coefficient  values  in  Sutton’s  formula. 
This  point  has  significance  in  connection  with 
environmental  studies  of  hasnrds  associated 
withnewer  powsr  systems  for  which  concentra¬ 
tions  have  commonly  been  computed  for  down¬ 
wind  diatances  far  in  excess  of  1  kilometer,  to 
which  Sutton’s  formula  waa  originally  intended 
to  apply. 

(A)  Vntemlntin  [  13} 

The  method  proposed  above  involves  a  num¬ 
ber  of  uncertainties,  for  example  in  the  esti¬ 
mates  of  vertical  spreading,  and  so  it  should  be 
regarded sa  giving  only  approximate  but  realis¬ 
tic  estimates  of  the  magnitudes  of  the  concen¬ 
trations  at  various  distances  from  the  source. 
In  some  of  ths  more  difficult  cases  Involving 
stable  and  unstable  conditions,  errors  of  sev¬ 
eral/old  in  vertical  spread  could  be  mode.  This 
should  be  kept  in  mind  when  applying  this  tech¬ 
nique  to  the  assessment  of  haanrds.  On  the 
other  hsnd,  there  will  be  relatively  straightfor¬ 
ward  eases  whore  estimates  of  vertical  spread 
may  be  expected  to  be  correct  within  a  factor  of 
2,  for  example:  „ 

(0  Ml  stabilities,  except  extremes,  for 
distances  of  travel  of  n  few  hundred 
meter*  in  epen  country. 

(2)  Neutral  conditions  for  distances  of  n 
few  kilometers. 

(3)  Unstntlo  conditions  in  tins  first  1,000 
meters  above  ground,  with  ti  marked  in- 
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Ttble  1,1.  Nolnotologleel  C*»e4»rie«, 
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A:  Ewmely  unetable  condition*  D:  Neutral  condition* 

Hi  Moderately  nun  table  condition*  E;  Slightly  liable  condition* 

C:  Slightly  un liable  condition *  Ft  Moderately  liable  condition* 
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No»«i  Pot  A*B  ink*  Ih*  av*r«tq*  ol  curve*  A  end  Hi  *»«■ 


DAYTIME 


Solar  Altitude  (rf) 

In  eolation 

.r>D<,fiz.60n 

}!>t‘<G£Mn 

Strong 

Moderate 

Slight 

Teak  (u*e  nighttime) 

Duytimr  Coin”  Effect  on  Innol'.itloa 

I.  If  cloud*  N/IOor  lens,  no  change. 

If  cloud*  more  than  ,1/10; 

a, )  Collin *  below  7,000,  chant., i:  A  to  C,  II  to  l),  C  Ui  I), 

h.)  Ceiling  7, (XX)  or  above  but  below  IN, 000,  change:  A  in  II,  fl  to  C,  C,  to  T>. 

t  .)  Crtllng  It), (XX)  or  above  and  hi  dim,  no  chnngr, 

_ _  d,l  Celling  Iti.tXX)  or  ohoi-e  < mil  over,  ast  Iheniy),  change:  I  to  It,  /!  to  C,  C  to  I). 


verak  i  immediately  above,  for  dis¬ 
tance#  of  travel  of  1 0  kilometers  or 
mere, 

Kor  th*  moat  pi  rt,  uncertainties  in  the  lat¬ 
eral  spread  of  the  plume  are  likely  to  be  less 
important  than  in  the  case  of  vertical  spread, 
excopt  when  the  wind  field  le  indefinite.  In  such 
circumstances,#  more  Important  source  of  er¬ 
ror  is  that  involved  In  eetimatlng  the  position 
of  the  plume,  and  It  iJ  boat  to  allow  for  a  wide 
range  of  poaeibie  directions  of  the  plume, 

fill  Pfm** i  Pale* 

The  curves  presetwed  In  figures  1,3  snd  1,1 
will,  in  all  likelihood,  hs  ve  to  be  modified  aa  air 
concentration  measurements,  particularly  at  the 
greater  distance,  become  available,  A  recent 
eerie*  of  diffusion  observations  [12]  haa,  how¬ 
ever,  verified  the  above  method  out  to  diatanoee 
of  5  kilometers  from  the  source,  Nevertheless, 
us*  of  these  dispersion  estimates  in  connaetion 
with  ship  pollution  potential  studies,  aa  wall  aa 
other  air  pollution  problems,  particularly  in  tha 
form  of  the  plume  standard  deviation  presented 
here,  seem*  to  be  very  desirable.  It  it  a 
straightforward  approach  that  dlreotly  reflects 


the  beat  current  observational  knowledge  of  air 
concentration  dowr, wind  from  an  i touted  source. 

The  generalised  aaubslan  dispersion  for¬ 
mula  is,  briefly,  both  adjustable  and  compatible, 
and  thus  provides  en  appropriate  framework  into 
which  weoan  fit  existing  atmospheric  dispersion 
knowledge;  both  theoretical  and  observational,  ns 
well  as  anticipated  future  irVaprov^ihoni*, 

1,3,3  TwruliioMl  States 

Another  concept  which  has  a  direct  bearing 
on  the  concentration  of  a  pollutant  from  ehlps, 
or  any  aouroe,  and  about  which  llttlo  Is  known 
la  that  of  diffusion  In  "tranaillonal  states", 
This  atmply  means  that  the  atmospheric  turbu¬ 
lence  often  displays  a  marked  variation  In  time 
or  epace,  or  in  both,  The  variation  of  turbu- 
lenoe  in  tha  herisontal  plane  along  a  lino  per¬ 
pendicular  to  a  shorollne  can  be  significant. 
Those  horizontal  variations  can  be  due  to  tem¬ 
perature  difference*  In  the  underlying  surface, 
or  they  can  be  due  to  roughness  differences  In 
th*  underlying  terrain,  Doth  thermal  and  meoh- 
anlcal  turbulence  can  bo  initiated  or  suppressed 
depending  on  whether  the  air  flow*  over  water 
or  over  land  flrat. 
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2,  CftLCUUTIQNS 


Ths  ciluvUtlon  of  the  effect#  of  a  release 
of  decaying  products  is  hindered  by  lack  of 
knowledge  of  the  nature  of  the  source,  in  parti' 
outer  the  sour  te  strength,  the  distribution  of 
partiole  sises,  and  the  height  of  rise  of  the 
oloud,  Recognising  these  difficulties  the  meth¬ 
ods  described  may  be  used  to  calculate  the 
epp*r  IM i  of  the  air  concentration  near  ground 
level. 

2,1  IfiiHel  Bthsvitr  ef  Clewd 

The  Initial  conditions  of  release  would  have 
an  Important  beat  tng  on  the  fate  of  a  pollutant 
cloud,  whloh  might  constat  of  a  gas  or  a  vapor 
or  very  email  solid  particles.  In  addition  t*  the 
amount  of  pollutant,  the  oloud  temperature  and 
the  time  period  over  whloh  the  release  oooura 
would  both  bo  significant,  A  rapid  release  of 
warm  effluent  will  form  trough  sphere  that  will 
tend  to  rise  until  it  retohee  the  density  of  the 
■ur  rounding  sir,  A  slower  release  of  the  earns 
amount  of  warm  effluent  will  give  a  much  lower 
oloud  height.  Variations  In  the  existing  atmos- 
pharlo  temperature,  lapse  rata,  and  turbulence 
will  alao  have  an  Important  Influence  upon  this 
process, 

Both  the  rapid  and  the  alow  (cold)  releasee 
are  considered  in  this  report.  The  upward 
motion  oftha  warm  cloud  must  be  taken  Into  sc- 
count,  and  the  cloud  le  represented  initially  aa 
a  sphere  having  a  uniform  temperature.  Thta 
"bubble”,  of  lower  density  than  Ite  surround¬ 
ings,  will  rise  and  move  downwind  simultaneous* 
ly.  The  temperature  differential  le  continuous¬ 
ly  reduced  by  entrainment,  by  adiabatic  expan¬ 
sion  as  it  rise*  to  regions  of  lower  pressure, 
and  by  thermal  radiation  until  it  attains  the  den¬ 
sity  of  the  surrounding  air, 

.tie  selection  of  a  mathematical  model  for 
this  process  and  the  choloe  of  appropriate  val¬ 
ues  for  the  parameters  presents  a  difficult  prob¬ 
lem,  In  lieu  of  anything  superior,  b  height  rise 
formula  developed  by  Sutto:  (20,  21  j  haa  been 
chosen  to  represent  daytime  (lapse)  conditions 
in  this  study.  It  Is  relatively  conservative  in 
terms  of  lo^-level  behavior,  in  the  sente  that 
it  predicts  a  modest  rise.  Fo-  a  release  suf¬ 
ficient  to  rupture  a  heavy  metal  container 
( x  10*  cal.),  the  equation  pr-dicts  o  oloud 
height  of  800  motors. 

A  wimllnr  treatment  la  used  to  estimate  the 


height  to  which  the  oloud  representing  tho 
release  would  rise  at  night.  The  Button  for¬ 
mula  gives  a  negative  result  wilh  a  temperature 
invtrsion  and  the  Holland  modification  (33)  has 
boon  substituted,  As  would  be  antlolpnted,  this 
Holland  modification  gives  a  (smaller  rise,  400 
meters.  Both  calculation#  apply  only  to  clouds 
consisting  essentially  of  dry  air  at  3Q0Q*F,  It 
is  doubtful  whether  any  refinements  In  tho  above 
treatment  would  have  yielded  any  greater  pre¬ 
cision, 

It  it  proper  to  question,  however,  the  orror 
in  thsse  cellmates,  sinoe  the  ground  level  con¬ 
centration!  calculated  in  later  work  are  strong¬ 
ly  dependent  upon  them,  This  1#  difficult  with 
the  evailable  data,  but  it  seems  doubtful  that  a 
cloud  would  reach  a  height  more  than  twice  that 
calculated, 

It  ia  easier  to  define  the  other  (lower)  limit, 
sinoe  a  releaee  of  the  pollutant  material  might 
'ccur  slowly  at  essentially  the  temperature  of 
ths  surrounding  atmosphere,  This  implies  no 
ament  of  the  cloud,  and  is  trsated  an  such.  In 
this  ease  the  contaminant  is  postulated  to  be  re- 
leasod  without  a  Irrge  source  of  heat  and  may 
be  approximated  ts  s  oloud  at  ground  level, 
This  type  of  release  would  be  the  more  hazard¬ 
ous,  and  e  solution  using  this  assumption  would 
be  pessimistic  sinoe  s  oloud  in  all  probability 
would  have  somo  rise. 

2.2  Diffusion  f  the  Cloud 

Ths  generalized  Qauaelan  dispersion  equa¬ 
tion  (prevlouely  presented)  applies  when  esti¬ 
mating  ground  concentration! ,  with  the  x-axle 
oriented  downwind  end  the  y-axls  crosawind, 
Whe.ithe  source!#  at  the  surface  (cold  releccc), 
h  is  equal  to  zero  and  the  term  containing  k 
drops  out  of  the  equation,  For  determining  the 
line  of  maximum  downwind  ground  accumulation 
(x-axis),  y  would  also  be  equalio  zero.  There¬ 
fore,  when  both  h  and  i  are  equal  to  irero  (eur- 
face  riource,  x-axi#  accumulation),  the  entire 
exponential  term  would  be  equal  to  one  and  the 
equation  reduce#  to: 

0  (2.D 
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In  the  rase  of  the  hot  release,  the  term  con¬ 
taining  h  remain*  in  the  equation. 
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It  is  difficult  to  specify  both  inti  rale  and  the 
time  interval  over  which  ‘he  release  would  oc¬ 
cur,  but  If  the  total  release,  is  substituted  for 
the  rate  of  release,  the  result  can  be  given  in 
terms  of  dosages  (that  is  unlts-acc./m,'  >  ln- 
stoad  of  concentration  {unlts/m,1  ).  Dosage  re¬ 
fers  to  the  total  integrated  amount  of  polluting 
agent  for  a  given  pollution  incident,  while  con¬ 
centration  refers  only  to  an  instantaneous  amount 
of  pollutant. 

The  reeulte  of  the  diffusion  computations 
are  summarised  In  figures  3.1  through  2,1(1,  A 
somewhat  arbitrary  raleaaa  of  2  x  10*  units  la 
assumed  for  the  calculation.  This  figura  la  a 
pessimistic  one  derived  for  a  power  source 
much  larger  than  ie  probably  in  existence  or 
contampUtad  for  naval  ships;  .hue,  the  diffusion 
patterns  which  will  result  from  the  use  of  this 
figure  ere  on  the  cautlou  .  side,  Dosages  for  a 
smaller  roleaae  may  be  derived  as  a  direct  per¬ 
centage  of  those  given  in  the  figures  lines  only 
the  0  will  differ  in  tho  equation, 

2.2,1  Centerline  Dosages,  Cold  helesae 

Figures  3,1  through  3,8  refsrtothe  cold  re¬ 
lease  in  which  the  cloud  centerline  begins  end 
remains  at  the  ground.  This  approximation  la 
obtained  by  setting  y  » A  •  »  in  equation  1,1,  The 
centorilne  dosages  are  presented  for  both  day 
and  nlgl.c;  three  degree  ,  of  lneolation  ere  con- 
sldersd  for  t  iffuslor.  during  , ,ie  day  *ndtwo  eon- 
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F/|  UM  3,  ?,  Dewnmlm f  Canter  fine  Doaajae,  Drawn d  Level  Claud, 
Wind  Spt»d,  3m. /are, , 
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Pliura  ),3<  Dmnwlnd  Can lerlina  D oaat»a,  Ground  Lava’  Cloud, 
Wind  Spend,  4m, /arc, , 

dlttons  of  cloudiness  for  night  patterns.  The  day 
and  night  tsoplethn  are  presented  for  wind  speeds 
ranging  from  2  knots  (1  m./sec.)  to  20  knots  (10 
m./sec,),  The  calculations  axtumi  to  100  kilo¬ 
meters  (<J2  miles),  which  is  a  limit  suggested  by 
PaBcjuill  in  the  application  of  his  techniques.  In 
the  worst  case  of  diffusion,  that  of  a  nighttime 
inversion  condition  and  c  wind  speed  of  1  meter 
per  second,  a  pollutant  would  travel  approx! - 
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Htu to  2.4,  Downwind  CmerUnt  OflMtfu,  Ground  Lovol  Cloud, 
Wind  ipood,  4m./»oo„ 
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ylfurc  2,3.  Downwind  C entnrllne  Dootfoo,  Qtound  Lovol  Cloud, 
Wind  ipood,  t>em,/otc.(IOm./ooe,  leronampto). 

mately  42  kilometer*  In  a  12-hour  period;  this 
condition  would,  in  meat  cansm.  bo  followed  by 
i*ome  sort  of  lapse  condition  which  would  dis¬ 
perse  h  pollutant  in  a  distance  of  about  10  kilo¬ 
meters,  Thus,  the  100  kilometer  limit,  al¬ 
though  at  first  glunce  restrict!  ve,  is  more  real¬ 
istic  than,  any,  extending  the  calculations  to 
1,000  kilometers. 


The  vary  great  different!*  bolwtwr.  uighi 
end  day,  in  the  lower  speed  categories,  is  Im¬ 
mediately  evident,  A  dosage  of  10  units  (bottom 
Of  the  ordinate  scale)  for  a  day  with  strong  in¬ 
solation  and  a  wind  speed  of  1  roster  par  second 
extends  to  a  distance  on  the  order  of  6  kilo¬ 
meters)  whereas  on  eclear  calm  r.ighttbe  came 
dosage  would  theoretically  extend  (if  conditions 
remained  unchanged)  to  hundreds,  if  not  thou¬ 
sands  of  kilometers,  This  great  difference  bo- 
tween  Highland  day,  is  due  mainly  to  differences 

in  Ota  vertical  diffusion  noefflnlanta  (as®  fir, 
1,7),  As  wind  speed  increases,  however,  the 
difference  between  night  and  day  decreases,  so 
that  for  wind  speeds  greater  1  £  (8m./ 

seo.)  both  day  fend  night  are  Bimiiai-,  except  for 
dayaof  very  strong  insolation,  Tha  higher  wind 
speeds  tend  to  create  deep  layers  of  neutral 
stability,  Along  these  same  linen',  the  effect  of 
cloudiness  on  dispersion  et  night  and  insolation 
during  windier  days,  tends  to  disappear  as  wind 
speed  increases.  However,  in  tho  lower  wind 
speeds,  significant  differences  in  the  dispersion 
distance  of  a  pollutant  exist  for  varying  degrees 
of  insolation  by  day  and  cloudiness  ni  night, 

2.2,2  Cmittrltafl  Doaaga*,  Hoi  neiaate 

Figures  8,8  through  8.9  represent  the  acme 
dosage  information  derived  from  the  assump¬ 
tion  of  a  rapid,  hot  release  sufficient  to  rup¬ 
ture  the  con*  ainer ,  but  including  the  Mot  amount 
of  poUu.ont.  In  theae  cases,  the  contaminant 
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remain  close  to  the  ground,  bui  «n»  pS.tw 

torn  of  a  maximum  at  a  distasto**  from  the  eeurca 
la  valid,  provided  the  partielas  ara  small. 

These  figurss  have  ths  earn®  hesrisentsl  dls* 
tunes  scale  usad  for  tha  cold  release,  hewaver, 
the  dosage  seals  has  been  decreased  by  two  or* 
dsrs  of  magnitude  10'  ),  Calculations  fer  a  day¬ 
time  hot  release  involving  wind  speeds  of  3 
metsre  par  seoend  or  less  hxvs  not  boon  per- 

n r  eKa  C£CUff»»C»  O'  S"(ih  Vf'w.d  iM'*«£«*4a 

at  the  calculated  rise  height  of  8S0  metsrs  would 
be  rare.  Figure  2,8  estsbinss  both  the  1  meter 
per  second  and  2  meters  per  second  nighttime 
pattern#}  the  ieopleths  for  night  conditions  of 
i  8/8  cloudiness  are  off  of  the  graph,  since  they 
would  theoretically  begin  beyond  100  kilometers 
and,  as  discussed  before  this,  would  be  unreal* 
istic.  The  fact  that  the  distance  between  the 
aource  and  the  firat  ground  dosages  in  right 
oaaos  8  meters  per  second  or  greater  (fig,  2.8 
and  2,6)  is  less  than  some  of  the  day  isoploths, 
it  due  to  the  different  cloud  rlee  heights  am* 
ployed  in  the  calculations  (day,  860  m,;'  ni^ht, 
400  m,),  Tha  effects  of  insolation,  cloudiness, 
and  wind  speed  discussed  for  tho  cold  release 
are  also  in  evidence  here,  Of  greatest  impor¬ 
tance,  however,  is  the  fact  that  only  in  the  4 
meters  par  second  category  (fig,  2,7)  docs  the 
dotage  get  above  the  suggested  harmful  limit  of 

10  units;  and  than  the  extreme  ease  reaches  a 
value  of  only  28  units  for  a  distance  on  the  ordvr 
of  2  kilometers  and  maintains  a  value  of  at  least 

11  unita  for  a  distance  of  11  kilometers.  Thus 
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FISuto  2.1.  Downwind  Ctntnrlln*  Datnjot,  Hot  Cloud  Aloft, 
find  Spttd, 

is  not  continuously  present  *t  ths  ground  be¬ 
cause  of  tho  fact  that  the  cloud  first  rises  end 
then  diffuses  back  toward  tho  surface.  Thin  ro- 
v.;;ts  in  whet  might  be  described  as  a  «klp-dtB’ 
te.siee  between  tha  source  and  tha  bulk  of  the 
ground  contamination,  irt  practice  there  would 
b1’  some  pollutant  present  in  this  region,  bo* 
twr.»n  the  source  and  tho  area  predicted  by  the 
*. ion,  since  some  ofthe  cloud  would  initially 


.  •  r \nraBaiajBUiaiirj3  ,  ' 

I  I'  i^A  .  V  ,  -ts.v.  "  , 


sfl*  »*.■  v  <>: .  r;  *  » 


zbr-  • 


JfjisiK’nc. .\V:  !•'.  ■ 


■  4i4»-rV»  v 


•  >;  .v  .  .  >':• 

•  ;  ••  '  .  '  -t-s,*.! 

•  J:  •" 

iVifilj&SsEbf-  v  -ftintai:.:. :.y 

„T_''l^^*K2Ji£Oir:;l 

.‘V  ii’CN  •  •  •  ,  '■  ■I'X+u.ui,  1 

,-v: 


DISTANCE  Um.l 

yijtutm  2.9.  Bawnrinc/  Center/ /.no  //of  Churl  Aloft, 

Wind  Spntd,  >6ra./aC{'..(fOn*./itiH',  /or  nxftcipir). 


-  13  - 


for  all  practical  cotisitJeraUotits,  the  hot  release 
can  be  (Uncounted  from  a  potential  haatirtl  analy¬ 
sis, 

2,2.3  Cloud  Width 

Figures  2d  through  2,B  show  the  ground 
conditions  alongthe  rlcud  centerline.  Obvious* 
ly,  the  width  of  the  cloud  must  be  defined,  If  Its 
true  relation  to  the  contaminated  area  la  to  be 
evaluated.  This  has  been  accomplished  in  fig* 
uras  3.10  through  2,13  for  the  enio  rateaaa  hy 
computing  dosage  laoltnes  of  400,  60,  and  10 
dosage  unite.  Let  us  arbitrarily  say  that  e  dos¬ 
age  of  400  units  per  cubic  meter  represents  the 
lower  limit  for  a  lethal  doaej  between  400  and 
90  Ulneae  le  likely;  between  90  and  10  injury  is 
unlikely  but  some  expense  may  be  Incurred;  snd 
below  10  no  Injury  or  expense  la  contem¬ 
plated  [33,  39),  To  facilitate  comparison,  the 
same  scale  haa  been  used  for  both  axial  and 
oroas-axtal  distances  and  for  all  patterns;  thia, 
due  to  spec#  limitations,  has  necessitated  a 
chopped  off  appearance  (at  43  km,)  for  the  night 
patterns;  however,  as  previously  discussed  this 
ia  more  In  keeping  with  reality,  As  a  gross 
comparison  the  numerical  axial  concentration 
distance  limits,  for  any  of  the  three  categories 
(400,  90,  10)  that  extend  hey«nd  42  kilometer*, 
are  inoluded  on  figures  3,12  and  3.13.  These 
horliontal  plots  emphasise  the  differences  in 


diffusion  areas  rsprsssmied  by  day  and  night, 
Insolation  or  cloudiness,  and  wind  speed,  The 
lateral  limit  of  significant  dosages  {>10  units), 
In  most  cases,  does  not  exceed  fl  kilometer# 
(2  x  3  km,)  and  of  lethal  dosages  (400  units) ,  3 
kilometers  (3  x  1,5  km,), 

No  similar  calculations  have  been  made  for 
the  corresponding  hot  release,  for  the  obvious 
reason  that  the  dosages  derived  therefrom  are, 
in  most  cases,  not  significant, 

3,3  Dspetitlen  teem  the  Claud 

2,3, i  General  Consideration* 

The  diffusion  studies  have  provided  a  basis 
for  evaluating  the  direct  effects  of  the  cloud  os 
it  passes  over  the  countryside,  but  they  give  no 
lndioatlon  of  the  partioular  residue  that  may  be 
transferred  to  ground  surfaces,  vegetation,  and 
building*.  The  term  "transferred"  ia  used  In¬ 
itially  to  suggest  the  lack  of  knowledge  concern¬ 
ing  the  physical  processes  actually  Involved, 
The  question  of  what  occur*  at  the  boundary  of 
interaction  between  an  aerosol  cloud  and  the 
underlying  ground  surface  Is  clearly  a  very 
complicated  one.  Material  la  deposited  on  sur¬ 
faces  by  a  variety  of  physical  processes,  few  of 
which  are  well  underetood.  Gravitational  sot- 
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tling,  adsorption,  particle  interaction,  molecular 
and  turbulent  diffusion,  and  various  chemical 
and  electrostatio  effects  no  doubt  must  be  con* 

a i flanM/l  Osmm  *nJ  Tnhaaiaea  M  Jl  KiVtS 

mm*m«i  ««i|  •«<Mia  evimeivaiv  1**1  lm v *  *»V n It 

that  impaction,  electrostatic,  and  thermal  forcea 
may  be  equally  important  for  l|i  particles,  which 
are  of  importance  in  this  particular  study.  Simi¬ 
larly,  a  stmplo  treatment  probably  does  not  de¬ 
scribe  scavenging  by  rain,  in  which  the  hydro¬ 
scopic  nature  of  the  particles  may  be  as  im¬ 
portant  as  the  else  and  shape.  Forms  of  pre¬ 
cipitation  other  than  rain  presents  even  mere 
complicated  problems, 

Unfortunately,  scientific  knowledge  of  the 
right  type  for  this  study  is  even  more  inadequate 
thanthat  applyingto  diffusion.  The  main  reason 
Isthnt  complete  field  experiments  in  deposition 
nnd  rutnout  arc  extremely  difficult  to  conduct, 
and  there  has  been  little  need  for  them  until  re¬ 
cent  year*.  Theoretical  work  and  most  labora¬ 
tory  studies  heve  dealt  with  idealized  spherical 
particle*  under  conditions  very  different  from 
those  in  the  atmosphere.  Field  experience  is 
,nt  sufficiently  complete  to  have  an  important 
influence  on  thin  analysis.  For  these  rows  on  <», 


it  aeems  best  to  utilise  simple  approximations 
for  sueh  effects  rather  than  to  become  Involved 
In  s  complex  treatment  which  may  not  fit  the 


auu 

IRVI*  Ml  I J  WVVIVI't 


The  first  problem  is  to  establish  a  physical 
description  of  the  particles.  It  aeems  most  pro¬ 
bable  that  s  pollutant  release  would  occur  as  a 
result  of  or  in  combination  with  combustion, 
with  the  particles  having  the  general  character¬ 
istics  of  a  fume.  The  sise  distribution  fitting 
this  description  would  involve  very  small  par¬ 
ticles.  However,  the  possibility  cannot  be  ruled 
out  that  a  much  larger  particle  size  distribution 
could  be  caused  by  a  pollutant  reloase  of  a  dif¬ 
ferent  nature  or  by  unknown  processes, 

A  straightforward  approach  to  deposition, 
presented  by  Chamberlain  [4]  and  well  suited 
lo  the  study,  is  used  without  alteration.  The  cal¬ 
culations  have  been  performed  for  only  two 
special  cases  of  deposition,  washout  nr.ri  total 
instantaneous  washout.  For  most  of  the  par¬ 
ticle  filzes  assumed  hero,  dry  deposit  Ion,  that 
is  deposition  during  non -precipitating  conditions 
due  to  grnvltudinal  settling  ami  impaction,  would 
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be  negligible.  In  scene  of  larger  particles,  how¬ 
ever,  the  patterns  computed  for  washout  could 
serve  as  a  guide  to  the  ordtr*  of  magnitude  in¬ 
volved,  end  according  to  Clifford  (8]  maximum 
dry  deposition  would  be  one  order  of  magnitude 
smaller  then  total  instantaneous  washout, 

2.3.2  Washout 


To  aooount  for  the  cloud  depletion  from 
weehout,  that  is  removal  of  cloud  material  by 

r«iiu«ui  wiui<iiw«ritui  tutivuuuvu  ui«  v#tpv««vn- 

tlal  faotor  •  V  in  the  numerator  of  the  Qauaaian 
dlaperaion  formula,  It  ia  reatoned  that  since 
rain  removes  material  from  the  whole  eloud 
depth,  the  proceea  can  ba  likened  to  radioactive 
decay,  because  the  entire  oioud  la  affected  uni¬ 
formly  rather  than  preferentially  near  the 
ground,  and  the  ehape  of  the  cloud-distribution 
function  ie  not  altered;  thue,  rain  modifies  and 
deoreaaea  dispersion  distances  by  the  above 
exponential  faotor. 


The  «  and  the  •  in  the  exponential  have  been 
previously  identified,  the  S  la  known  as  the 
washout  coefficient  and  is  mainly  related  to 
rainfall  rate  and  particle  site;  a  figure  of  ixior' 
has  been  used  In  this  investigation  and  repre¬ 
sent  rainfall  of  the  order  of  0,1  inches  per  hour 
and  particle  sises  of  the  order  of  1  to  3  microns, 

A  proper  description  of  natural  rainfall 
would  reflect  its  Inconstant  nature,  for  it  ie  al¬ 
most  certain  that  for  any  given  period  a  rapid¬ 
ly  varying  rate  would  be  found,  Therefore, 
■harp  departures  above  and  below  the  waehout 
curves  should  be  expected  in  an  actual  case. 
Heavier  rainfall  rates  would  have  the  effect  of 
Increasing  deposition  clot*  to  the  source,  but 
decreasing  it  further  away  because  of  more 
rapid  depletion  of  the  total  available  pollutant, 


(a)  Uoilflootlan  «/  Diffusion  Curvoo 

Figures  2.H  and  2,13  show  the  changes 
which  cen  occur  in  dosage  rates  due  to  deple¬ 
tion  of  the  cloud  by  the  exponential  term  char¬ 
acterising  the  washout  process,  Only  two  wind 
speed*  are  presented,  1  meter  per  second  and 
10  meters  per  second,  the  heavy  linos  are  the 
curves  corrected  for  deposition  and  the  thin 
tines  represent  uncorrecied  dOafegos  ttiid  at’o 
rlmiUr  to  curves  presented  in  figures  2,1  and 
2,5,  The  figures  show  that  washout  is  much 
morn  effective  as  wind  speed  decreases  and 
stability  increases. 


OISTANC*  Until 


Figure  3.14,  Downwind  Conlorllnt  Dom|m,  Ground  Ltvtl 
Cloud,  Corrected  ter  Washout,  Wind  Speed 
< Jiti./eee.f/H./MC,,  ter  axeap.’tj, 


ft)  Pollutant  D*P"‘tedllO] 

The  amount  of  pollutant  deposited  by  waeh¬ 
out  la  obtained  by  integrating  the  diffusion  equa¬ 
tion  containing  the  waehout  term,  with  respect 
to  height;  for  centerline  deposition  this  yields, 
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t'iguro  2./S.  Downwind  Contorting  Do»ng**,  Ground  l.nvtt 
Cloud,  Corrected  tor  Wnohout,  Wi nd  Snood 
>Cft./ntc.n0m,/ft>c.;  hr  on/mpl «). 


BOse-f  A*. 

WwL  r*v, 


.*•—  * ; 
W  C  j  i 


r. 


>nv 


Q  A  --•■V' 

(a.a> 

Certain  implications  of  this  equation  are  very 
Important,  The  vectical  diffusion  parameter 
( «i )  disappears  from  the  equation  in  the  same 
way  that  &  does.  No  advantage  is  gained  from 
the  rise  of  a  hot  cloud;  therefore,  all  releases 
are  effectively  treated  as  cold,  The  rise  of  the 
not  cloud  Is  no  longer  as  helpful  in  lessoning 
pollution  conoentrailone  (compared  to  the  sur- 
faoe  cold  cloud)  at  it  had  been  in  cases  of  dif- 
fuslonj  in  fact,  the  highett  depoaitlon  rates  at 
great  dlatancae  are  now  found  with  the  fact* 
moving  olouda  aloft  (fig,  2,19). 

Figure  2,19  repreeenta  cold  oloud  center* 
line  deposition  in  terms  of  units  per  square 
meter  for  wind  epeede  ranging  from  1  mater 
per  second  to  10  meters  per  second,  The 
curves  were  computed  using  the  above  equation 
aaaumlng  neutral  stability,  s  condition  common 
during  ovsrcaet  and  rainy  days  or  nights,  Nots 
that  the  curves  do  indicate  possible  serious 
ground -level  deposition  (the  suggested  range  for 


Figure  2. 16.  Downwind  ptfpoarifion  Umitn/m.9 ) from 

Rain,  Ground  Li*v+J  or  Cloud  A  hit . 


i-jiut  contaminants  la  from  greater  then 
units  per  square  metsr,  where  evacuation  with¬ 
in  12  hour#  is  necessary, to  leas  than  10’’  units 
per  square  meter,  where  no  expense  is  contem¬ 
plated  (24))  and  that  the  higher  speed laopletha 
cross  the  lower  speed  iaopieth#  rr  distance  in¬ 
creases, 

ft)  Tefal  latlaiHanteua  Fat  heal  I/O,  33,  33 } 

Total  instantaneous  deposition  is  the  limit¬ 
ing  case  of  the  complete  deposition  of  an  entire 
cloud  or  plume  of  an  ulr-borne  material,  such 
ss  the  highly  Improbable  occurrence  of  a  cloud 
under  a  sudden  heavy  rain  shower,  The  follow¬ 
ing  equation  depicts  the  situation, 

Q 

ui(1)  »  — - ------  .  (2,3) 

(2tP  e,  IT 

Figure  2,1?  is  derived  from  the  equation;  since 
Intense  showery  precipitation  Is  due  to  pro¬ 
nounced  instability,  atmosphere  stability  crl* 
tsria  A  (settable  1,1)  hae  been  uaod  for  the  so¬ 
lution;  also,  btcaust  of  associated  increased 
wind  speeds,  the  wind  speeds  have  been  chosen 
to  be  4  metsra  per  second  or  greater.  As  can 
be  teen  from  figure  2,17,  the  leoploths  for  these 
oondltione  do  not  croes,  and  significant  deposi¬ 
tion  values  extend  from  the  source  to  100  kilo¬ 
meters, 


Figure  2.  17,  Downwind  C#»nf*f//ne*  Deposition  (venitx/m.1 )  hem 
Total  InumUcmnoua  Wnahout,  Ground  f.,t>v*l  or 
Cloud  At  oh . 
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S.  CUMAT0LQ3Y  0?  THE  HA  HPT OH  ROADS  AREA. 


I.l  Location  end  Topegropky 


Hampton  Road*,  one  of  the  largeat  natural 
harbor  araaa  In  tha  world,  'la  the  name  Riven  to 
the  nearly  enclosed  body  of  water  formed  by  the 
confluence  of  the  Jamee,  Nansemond,  Eticabeth, 
and  Lafayette  Rivera,  prior  to  emptying  to  the 
east -northeast  into  Chesapeake  Bay,  Norfolk 
and  Portsmouth,  Virginia  are  located  on  the 
east  and  southeast  sides  of  the  area,  and  New¬ 
port  News  and  Hampton,  Virginia  are  on  the 
northweat  and  north  aides,  (see  figure  3,1), 
Docking  facilities  are  located  in  various  areas 
of  the  port,'  The  Norfolk  Naval  Station  piers 
are  located  on  the  eastern  aide  of  the  harbor 
and  extend  from  Sewell’s  Point  to  the  mouth  of 
the  Lafayette  River,  Ships  of  different  typea 
and  siaaa  (among  which  ars  submarines,  das- 
troyars,  cruisers,  and  oarrlara  aa  large  as  tha 
nuclear -powered  Enterprise)  may  be  barthed 
hare.  Often  vessels  may  also  be  found  at  anchor 
In  the  Roads  proper.  Another  possible  ship  lo¬ 
cation,  the  Newport  News  Shipbuilding  and  Dry- 
dock  Company,  la  located  on  the  northwestern 
aide  of  the  Rosda,  in  the  city  of  Newport  Newa, 
Included  In  the  Hampton  Roads  Area  for  tha  pur¬ 
poses  of  this  study  are  the  ahip  docking  faclli- 
tied  along  the  Elisabeth  River  from  Lambert'a 
Point  to  the  Norfolk  Naval  Shipyard  via  the 
Southern  Branch  of  tha  Elisabeth  River. 

The  northeast,  and  southeast  aides  of  Hamp¬ 
ton  Hoads  contain  the  larger  population  centers, 
whereas  the  western  and  adtacent  southern  aides 
are  relatively  aparaely  populated,  The  moat 
densely  populated  sections  in  the  area  are  lo¬ 
cated  southeast  of  the  Roads  along  the  Southern 
and  Eastern  Branches  of  the  Elisabeth  River, 
This  river  separates  Portsmouth,  Norfolk,  and 
Chesapeake  from  oach  other, 

The  topography  of  the  region  is  low  and 
flat;  os  on  example,  the  elevation  above  mean 
sen  level  of  Norfolk  Naval  Air  Station  la  IS  feet. 
To  the  southwest  of  the  region  lies  the  Dismal 
Swamp,  which  extends  Into  North  Carolina,  A» 
onr  goes  westward  the  terrain  elopes  Imper¬ 
ceptibly  upwards  to  a  distance  approximately 
Kill  miles  west  of  the  area;  here  the  land  rises 
sharply  into  the  Appalachians,  with  elevations 
averaging  3.000  to  4,000  feet  above  mean  sea 
level,  Man  has  not  altered  the  region’ n  lopog- 

.  .i  try  marked  mnm.< -r.ua  very  few  build¬ 


ing*  even  approach  100  feet;  the  taller  struc¬ 
tures  are  located  tn  tha  southwestern  pan  of 
tha  city  of  Norfolk. 

3,2  Oenaral  Climate 

The  Hampton  Roads  eras  (approximately 
38.8*  N,  and  18,4*  W,),  located  In  mld-lntlHules 
on  the  aaat  coast  of  a  continent,  has  a  climate 
which  Is  temper  ate,  rainy  without  a  dry  season, 
and  has  warm  aummera,  In  addition,  winter* 
are  usually  mild  since  the  circulation  of  a  cold 
air  maea  moving  towards  the  area  will  usually 
.  have  a  trajectory  over  the  warmer  ocean  water* 
within  34  to  48  hour*,  Figure  3,8  presents  the 
monthly  temperature*,  extreme#  of  tempera¬ 
ture,  and  monthly  precipitation  for  Norfolk  Mu¬ 
nicipal  Airport  (ORF), 

The  atm  position  of  the  unoccluded  polar 
front  Ilea  to  the  southeast  of  the  area,  Ba'.ng 
situated  in  midlatitudes,  there  is  considerable 
variation  in  wind  direction  and  speed,  both  aloft 
and  at  the  surface.  The  prevailing  wind  has  a 
steadiness  of  only  16  percent  and,  on  the  aver¬ 
age,  blows  from  the  north  during  the  cold  season 
and  the  nouthwoat  during  the  warm  season. 

The  weather  encountered  In  the  area  re¬ 
sults  almost  exclusively  from  two  air  masses 
and  the  front  whloh  divides  them,  being  alter¬ 
natively  influenced  by  polar  continental  (oP)  and 
maritime  tropical  (mT)  air,  with  the  transition 
being  heralded  by  tha  passage  of  tha  polar  front. 
In  the  winter  eeason  frontal  activity  in  the  area 
is  pronounced,  while  in  cummer  the  area  is 
frequently  a  region  of  frontolyais  (front  decay¬ 
ing),  in  which  fronts  which  were  well  defined  In 
the  eastern  continental  United  States  become  ex¬ 
tremely  diffuse  and  are  difficult  to  locate  and 
forecast  accurately.  The  flow,  in  summer,  is 
generally  governed  by  the  western  extension  of 
the  Bermuda  semipermanent  hlgl  pressure 
cell.  During  the  transition  seasons,  spring  and 
fall,  the  polar  front  is  ofton  quasi-stotionary 
and  oriented  cast- west,  either  just  north  or"just 
south  of  the  region.  Station®  to  the  north  of  the 
front  will  usually  experience  fog,  stratus,  drl»- 
sic,  or  rain;  whereas  stations  to  the  south  will 
generally  be  clear.  Forecasting  the  location 
of  the  front  Is  difficult,  for  the  front  mr.y  have  a 
north-south  oscillation  ranging  from  a  few  milen 
to  a  few  hundred  miles;  in  many  cases,  r<  station 
In  the  path  of  these  oscillations  will  experience 
repeated  clearing  and  clouding  over  In  the  same 
<iny.  To  the  southeast  of  the  area  lies.  Ihe  wcl!- 
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Ftfun  3.3.  Armonl  Variation  a I  Monthly  Tomponton*  anti  Precipitation  lor  Norfolk,  Vm.  (OKP). 


known  cyclogensstB  region,  In  whioh  the  not-tn- 
frcqu*nt  H»U»ru  low  is  spawned, 

The  Hampton  Roads  region  esn  be  influenc¬ 
ed  by  hurricenes,  with  July  normally  marking 
the  beginning  of  the  hurricane  season.  How¬ 
ever,  it  is  usually  the  middle  of  August  before 
tiii*  i -lability  of  hurrlosne  occurrence  in  this 
region  reaches  a  point  of  concern.  These  de¬ 
structive  storms  usually  develop  north  of  the 
Lesser  Antilles  and  move  erratically  along  the 
Gulf  Stream  current,  September  is  the  month 
with  most  hurricanes;  the  official  hurricane 
season  end*  on  November  Ifith. 

3.3  Dispersion  Climatology 

1,1.1  Wind  Slnirturr 

In  the  study  of  dispersion  wind  structure  Is 
important,  for  it  not  only  determimm  how 
/..«<  a  pollutant  will  be  dispersed  but  also  wktrr 
it  will  tu>  dispersed  to.  Figures  3.3  through  3,0 
■present  wind  roses  for  five  stations  in  the 


Hampton  Roads  arsa  drawn  on  a  bare  chart  of 
ths  region,  The  wind  breakdown  proceeds  from 
an  annual  presentation  to  a  seasonal  a  id  finally 
to  a  monthly  presentation;  day  (0800-1300  KST) 
and  oigh,  (* QCC -C7CC  EST)  wiriu  iviltr  are  oriOWfi 
for  each  grouping.  In  general  the  five  stations 
show  similar  wind  regimes;  Cape  Henry,  being 
a  cape  location  in  the  transition  sons  between 
bay  and  oesan,  shows  the  most  departure  from 
the  other  stations;  Oceana,  being  closer  to  the 
open  ocean,  also  shows  some  departure. 

A  look  «t  th*  annual,  day  wind  rosoti  (fig, 
.3.3)  will  show  th_  east  coast,  middle-latitude 
character  of  this  region,  A  pr«vs<h»fi  uds^-cal- 
oulatien  on  an  annual  basis  is  less  meaning¬ 
ful  than  on  a  seasonal  or  monthly  basis;  how¬ 
ever,  the  warm  season  influence  of  the  went- 
t’rii  extension  of  the  Rarnu 3a  high  I.b  evident, 
ms  the  frequency  of  southwest  winds  is  some¬ 
what  higher  than  the  general  distribution.  Fre¬ 
quencies  of  north  through  northeast  winds  urc 
also  somewhat  higher  due,  in  pari,  to  the 
circulation  of  the  offshore,  north-northeast 
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moving, //®n*rs«  lewt  and  afternoon  warm -season 
sea  breezes.  Thu  least  prevalent  wind  di¬ 
rection  is  from  the  southeast)  with  the  excep¬ 
tion  of  Cape  Henry,  for  which  a  southeast  wind 
le  the  moat  frequent.  Oceana  ahowa  the  most 
uniform  annual  wind  distribution  of  all  the  sta¬ 
tions.  Annual  day  wind  spesds  average  11  knots 
at  Cape  Henry  and  10  knots  at  the  remaining  lo¬ 
cations,  Although  strong  winds  are  possible 
from  any  direction,  northwest  winds  (when  they 
ooour)  tend  to  be  strong  and  gusty, 

The  night  annual  wind  roata  (fig.  3,3),  in 
oontraatto  the  day  rosea,  do  ahow  that  the  pre¬ 
vailing  wind  directions  at  all  stations  ars  aouth 
through  southwest.  This  dlreetion  preference 
is  a  result  of  the  already  discussed  Hamui* 
list  and  a  night  lend  braeae  which  flows  toward 
the  relatively  warmer  waters  of  Chesapeake 
Bay,  Tha  other  wind  directions  are  relatively 
unoommon,  with  an  east  wind  being  the  most 
uncommon,  Wind  spued*  at  night  are,  on  the 
average,  3  knots  less  than  during  the  day,  with 
Cape  Henry  showing  the  least  diurnal  change, 
Langley  AFB  has  the  highest  frequency  ofoalme 
(10,0%)  and  Cape  Henry  the  lowest  (0,0%), 

ft)  rim."  jesesry,  Ptittary) 

The  day,  winter  wind  regime  (fig,  3,4)  shows 
the  influence  of  the  Increased  frequency  of  fron¬ 
tal  pus  sags  s  —  wlndr  from  the  southwest  through 
north  directions  prevail,  with  a  north  wind  being 
the  most  prevalent.  Winds  from  an  eaa<  or 
sou* 'isast  d!  ‘action  ara  notlcaabiy  rbsent.  The 
winter,  night  roses  (fig,  3.4)  lndloate  some  di¬ 
urnal  changes  in  wind  direction,  at  north  winds 
decrease  in  frequency  and  south  winds  increase. 
Langley  AFB  ehowa  tbs  least  diurnal  wind  d!  • 
r— tlonal  chan*o.  Its  diurnal  variation  !•  due 
mainly  to  a  significant  drop-off  in  wind  speed. 

The  waning  influence  of  the  RtntuJt  high  ia 
evident  du-  ing  the  daytime  in  December  (fig, 
3,6)  for  the  three  atatlona  cloaest  to  Hampton 
rtoad#(LFI,  NGU.ORF),  as  southwest  winds  arc 
still  common.  One  would  expect  northwest 
winds  to  be  more  prevalent  than  indicated  dur¬ 
ing  this  time  of  year,  when  cold  front  passages 
bi.como  more  numerous;  however,  it  appear# 
that  the  Hampton  Roads  region,  In  December, 
U  far  enough  aouth  of  the  track  of  low  asso- 
‘•ihted  withcold  air  outbreak*,  so  that  post  cold- 
frontal  Isobars  begin  assuming  anticyclonic 
curvature  in  thl#  region.  The  typical  northwest 
wind,  which  usually  follows  cold  front#,  is  thus 
veered  to  the  more  frequently  Indicated  north 


wind,  Cape  Henry  anl  Oeoano,  although  show¬ 
ing  some  of  the  sbovt  singularities,  present  a 
mors  uniform  aouthwett  through  north  distribu¬ 
tion,  As  in  the  winter  distributions,  the  fre¬ 
quency  of  winds  with  un  easterly  component  is 
small,  The  diurnal  changes  In  evidence  for 
winter,  may  oleobe  see  tin  the  December  night¬ 
time  wind  roses  (fig.  «t,5),  Other  differences 
ars  also  noticeable,  mair  ly  s  nighttime  deorense 
in  west  winds,  and  for  the  three  Roads  neighbor¬ 
ing  stations,  an  Increase  In  northwest  wlndn,  A 
nighttime  inerease  In  southwest  winds  at  Cape 
Henry  and  OceenaU  also  perceivable,  Decem¬ 
ber  wind  speeds  are  somwwhat  less  than  the  two 
other  winter  months,  ant,  average  8  knots;  the 
average  diurnal  wind  speed  doorcase  Is  on  the 
order  of  1  knot,  Cape  Henry  shows  the  singu¬ 
larity  of  having  higher  average  wind  speeds  at 
night  than  in  the  day  (IE  knots  vs,  ii  knots), 

In  January  (fig,  3.6),  the  daytime  southwest 
wind  is  not  as  frequent  as  In  December  (except 
Cape  Henry),  As  the  storm  track  In  midwinter 
becomes  displaced  further  southward,  this  re¬ 
gion  comes  mors  and  more  under  the  influence 
of  northwest  cyclonic  flow  following  the  passage 
of  •  cold  front,  Evidences  of  this  can  bo  seen 
In  the  increasing  frequency  of  northwest  winds 
wnloh  ooeurs  between  December  and  January, 
In  addition  to  east  winds,  aouth  wind*  also  to- 
come  rare  In  January.  A  look  at  the  January 
night  wind  regime  (fig.  3,6)  showe  a  noticeable 
nightly  increase  In  aouth  wind#  at  ail  stations. 
Easterly  wlnde,  ae  in  the  daytime,  are  infre¬ 
quent.  January  wind  speeds  are  higher  than  De¬ 
cember’s,  and  average  10  knots;  the  diurnal 
wind  speed  change  la  small  rnd  for  Cape  Henry 
is  nonexistent. 

February  finds  .ho  polar  front  south  o'  the 
Hampton  Roads  region,  and  in  a  position  to  fa¬ 
vor  east  coast  cyclogenesis,  These  offshore  de¬ 
velopments  ore  responsible  for  the  increase  in 
north  through  northeast  winds  ns  seen  in  figure 
3.7,  which  depicts  the  February  wind  distribu¬ 
tion.  The  -  ;d  rones  for  this  last  month  of  win¬ 
ter  show  a  more  uniform  distribution  than  tbs 
two  previous  winter  month#.  As  in  thlT  season¬ 
al  winter  roses,  winds  from  the  southeast  are 
rare  in  the  immediate  vicinity  of  Hampton 
Roads,  Northwest  winds  at  Oceana  rnd  Cape 
Henry  are  generally  stronger  and  mere  fre¬ 
quent  than  at  the  other  stations.  In  February 
diurnal  wind  changes  (fig,  1,7)  arc  the  smallest 
of  the  winter  months  and  consist  essentially  of 
«  nightly  increase  in  .south  winds.  Wind  sp.-cdn 
in  February  arc,  in  general,  similar  to  thost  of 
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fk)  SpHit  (iitneti,  April,  He ' I 

Since  ftpring  morns  thp  transition  time  bo* 
tween  winter  with  Us  •spouted  cyclonic  tllfltur- 
bancts,  and  summer  with  its  persistent  Htmmda 
Ai#A  the  spring,  day  wind  rones  show  fewer  pro* 
dominating  directions  than  the  winter  roses  (fig, 
3,8).  The  northeasterly  and  easterly  flow  ap¬ 
parent  in  the  figure  is  indicative,  of  offshore 
nortneaeterly-moving  Hnumt  tout  found  in  early 
spring,  and  anticyclonic  flow  reaultlng  from 
being  on  the  north  aide  of  an  east-west  orien¬ 
tated  front  in  the  latter  part  of  spring,  Also, 
towards  the  end  of  spring,  aouthweat  flow  in- 
creates  as  the  Btrmada  Ai-A  builds  and  extends 
itaalf  Into  the  aaat  ooaat  of  the  United  States, 
The  now  in  ths  vicinity  c  f  Cape  Henry  departs 
from  the  above,  as  strong  northwest  through 
north  and  weak  southeast  winds  are  most  pre¬ 
valent,  Oceana  shows  the  most  uniform  dis¬ 
tribution  in  tsrms  of  both  wind  spssd  and  di¬ 
rection,  Minor  wind  directions  for  the  three 
atatione  closest  to  the  Roads  are  northwest  and 
southeast;  a  northwest  wind,  when  it  occurs, 
is  usually  stronger  than  winds  from  other  di¬ 
rections,  The  least  predominant  wind  direc¬ 
tions  for  Ooeana  and  Cape  Henry  differ  from 
the  other  stations  and  are  west  and  south,  Fig¬ 
ure  3,8  represents  the  nighttime  spring  winds; 
some  departure  from  the  more  uniform  day 
distribution  may  be  seen.  The  moat  significant 
feature  la  the  marked  increase  in  weak  south¬ 
erly  winds;  it  appeara  that  a  wtak  loeal  cir¬ 
culation  la  eatabllahad  under  a  nighttime  In¬ 
version,  producing  general  southerly  flow  in  the 
region;  The  tendency  for  northwest  winds  to  In- 
crease  or  remain  constant  at  night  either  in¬ 
dicates  an  absence  of  dturnal  change  whenever 
thl*  area  Is  under  the  influence  of  northwest 
flow,  or  «  nighttime  preference  for  the  passage 
of  northwest  wind-producing  cold  fronts.  Wind 
speed*  are  at  their  highest  in  spring  and  for  the 
area  average  H  to  12  knots  during  the  day  and 
i)  to  10  knott  :  night;  calms  also  are  at  a  mini¬ 
mum  in  spring, 

March  daytime  winds  are  presented  in  fig¬ 
ure  3,0,  Winds  from  a  southwest  clockwise 
through  northeast  are  well  represented  (except 
Cape  Henry),  The  passage  of  cold  fronts,  still 
common  In  March,  account  for  the  frequency  of 
northwest  through  north  winds;  northeast  winds 
nre  due,  to  the  already  discussed,  passage  of 
offshore  low  ,  Southeast  winds,  with  th-  ox- 
cepiion  of  Cape  Henry,  are  nt  a  minimum  in 


both  frequency  and  speed.  Cape  Henry  ins  Us 
maximum  frequency  '■?.  a  weak  southeast  wind 
and  quite  strong  northwest  through  north  wind*. 

and  it*  minimum  frequency  from  southerly 
winds,  The  nighttime  regime  Is  more  uniform 
than  the  tlay  distribution  (fig.  3,9)  and  generally 
resembles  the  spring  nighttime  roses;  the  di¬ 
urnal  changes  in  f’*reh,  however,  are  not  as 
pronounced  as  those  fits  season.  Doth  day  and 
night  wind  speeds  arc  at  their  yearly  maximum 
in  March,  The  diurnal  docreetts  in  wind  speed 
is  at  a  minimum,  which,  in  part,  accounts  for 
the  small  diurnal  wind  directional  changes  in 
Maroh  winds. 

The  daytime  winda  of  April  (fig.  3,10)  ex¬ 
hibit  the  rapid  change  from  the  cold  season  to 
the  warm  season  which  takes  place  during  this 
month  of  the  year.  Southwest  winds  are  on  the 
increase  and  northwest  winds  on  the  decrease. 
The  northeast  winds  of  April  ore  due  more  to 
anticyclonic  flow  around  a  A IrS  rather  than  the 
cyclonic  flow  of  offshore  (two  ,  Oceana  and 
Cape  Henry  show  considerable  departure  from 
the  other  stations,  with  Oceana  (an  before)  ex¬ 
hibiting  more  uniformity  in  wind  distribution 
and  Cape  Honry  Indicating  n  southeast  maximum 
and  a  south  minimum.  A  limited  sea  breeze  in 
in  evidence  at  the  Norfolk  Naval  Air  Station 
(NOU)  in  April  as  the  MOO  LST  (the  time  of 
maximum  heating)  wind  rose  (not  Included  aa  a 
figure)  shows  an  Increase  over  the  0800  to  1800 
LST  composite  rose  (fig.  3,10)  in  northeasterly 
winde.  The  proximity  of  the  Air  Station  to  the 
relatively  colder  waters  of  Chesapeake  Bay  is 
responeible  for  this  development.  It  is  doubtful, 
however,  that  this  sea  breeze  often  extenda  very 
fer  inland,  as  the  Weather  Bureau  atation  at 
Municipal  Airport  does  not  show  one.  The  main 
diurnal  changes  in  April  (fig,  3,10  night)  is  a 
reduction  in  the  frequency  of  winds  coming  from 
the  west  clockwise  to  the  east,  and  an  increase 
in  winds  from  the  south,  A  land  breeze  is,  also, 
somewhat  in  evidence  at  Norfolk  Municipal  and 
Capo  Henry  as  the  0400  LST  (near  the  time  of 
maximum  cooling)  wind  rose  Indicates  a  more 
frequent  southwest  wind  than  is  evidenced  in 
figure  3,10  (night),  which  is  a  edrfiposito  of  all 
night  bourn  (1000-0700  LST),  April,  day  wind 
speeds  are  aimilarto  those  of  March,  wh>!e  the 
night  wind  speed*  are  slightly  lower. 

May,  day  wind  roses  (fig,  3,11)  ore  charac¬ 
terized  by  the  presence  of  a  sea  breeze  at  all 
stations;  its  orientation  ie  easterly  for  Langley, 
Cope  Henry,  and  Ooeana,  und  northeasterly  for 
the  Air  Station  and  Municipal  Airport,  South - 
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w outer!;,'  winds  tire  frequon*  at  all  stations,  ox* 
cept  Capo  Henry,  where  tn«  wind  la  Bouthsaat. 
Northwes  wind*  arc  (again,  with  exception  of 
Cape  Henry)  plainly  Infrequent,  The  sen  breeea 
ut  the  Air  Station  and  Cape  Henry  ahowa  up  es¬ 
pecially  well  at  1400  LST.  A  look  at  the  May, 
night  wind*  (fig,  3. 11)  Indicate*  a  diurnal  change 
not  only  similar  but  of  greater  magnitude  than 
that  of  April;  as  winds  with  northerly  compo¬ 
nents  become  infrequent  and  south  winds  be¬ 
come  predominant.  In  particular  the  east  or 
northeast  frequencies,  associated  with  sea 
breor.es  and  evident  during  the  day,  are  con¬ 
siderably  diminished.  The  nlghlly  predomi¬ 
nance  of  south  winds  in  spring  shifts  somewhat 
to  the  southwest  during  Moy,  The  prevalence 
of  south  or  southwest  winds,  nt  this  tlmecf  year, 
if  attributable  to  a  land  breese  circulation, 
should  show  t,  maximum  around  the  time  of 
maximum  landmass  ooolingi  a  comparison  of 
0400  LST  and  all  night  wind  rosea  bears  this 
fact  out.  Day  wind  velocities  decrease  from 
April  to  May  and  the  nights  begin  to  show  an  in¬ 
creased  frequency  of  calms, 

(e)  Summer  (hue,  July,  Aufuel) 

The  effect  of  the  «»nssde  *(«*  on  the  circu¬ 
lation  in  the  Hampton  Roads  region  in  sum¬ 
mer  can  be  seen  In  figure  3,12,  frequent  south-  : 
west  winds  cv#  In  evidence  st  all  station*,  North¬ 
west  winds,  aince  primarily  nn  aftermath  of  cold 
fronts,  are  rare,  and  when  they  occur  are  con¬ 
siderably  weaker  than  their  spring  or  winter 
counterpsrts,  A  se*v  breoael*  wellln  existence 
and  is  especially  evident  at  Norfolk  Municipal 
Airport,  The  breeao,  however,  doe*  not  extend 
too  deeply  Inland  as  tt  is  seldom  felt  in  Ports¬ 
mouth,  which  is  located  about  10  miles  from  the 
bny,  Diurnal  changea,  os  can  he  seen  In  figure 
3,12,  are  greatest  in  summer,  A  nightly  gentle 
south  through  southwest  prevailing  wind  la  plainly 
evident  at  ail  stations,  and  is  due  to  the  cou¬ 
pling  of  the  circulation  around  the  Rermmlu  blab 
uml  the  night  land  breeae.  Other  wind  direc* 
it,  i  during  the  summer  are  Infrequent,  Both 
tiny  culms  and  night  calms  are  frequent  in  sum¬ 
mer;  wind  speeds  average  »  knots  during  the 
day  and  0  to  7  knots  at  night. 

Figures  3,13  through  3,15  represent  the  day 
and  night  wind  roses  for  the  individual  summer 
months.  These  will  be  discussed  together  us  It 
is  evident  that  little  difference  exists  between 
individual  months  in  thcmaclves,  and  between 
•  In-  Individual  months  and  the  average  rummer 


ro*e«,  Tb«  month  ef  July  deviate?-  moat  (in,', 
not  greatly)  from  the  two  other  summer  months, 
In  July  the  BermuAt  blgb  1*  strongest  and  produces 
k  higher  frequency  of  day  and  night  southwest 
winds  than  June  or  August,  San  bre-xes  are 
also  slightly  reduced  in  July  since  the  warming 
coastal  waters,  along  with  the  closer  location 
of  the  Gulf  Stream,  reduces  the  land-water, 
mid-day  temperature  contrasts,  The  frequency 
of  northwest  winds,  although  low  In  Juno  and 
August,  is  even  more  reduced  during  July  — 
the  month  of  highest  temperature,  July  lma 
the  lowest  wind  speeds  both  day  and  night  of 
any  month  of  the  year,  The  June  and  August 
wind  distributions  are  quits  similar  in  both  dir¬ 
ection  and  speed  end  show  some  spring  and  fall 
Influences,  respectively, 

(4)  fall  fSeptombtr,  October,  November) 

Fall  wind  distributions  (fig.  3,10,  although 
showing  considerable  uniformity,  reflect  the  in¬ 
creasing  number  of  low  and  frontal  passages  as 
north  through  northeast  winds  become  prevalent, 
This  preference  is  not  ns  pronounced  at  Cape 
Henry  or  Ooeuna  which  have  more  uniform  dis¬ 
tribution*.  Winds  from  a  southwest  diroetion, 
so  frequent  in  summor,  decrease  noticeably  in 
the  fall.  The  autumn  Increase  in  northeast  winds 
is  a  result  of  snticy clonic  flow  around  the  east¬ 
ern  side  of  *(**•  located  to  the  north  of  the 
region;  afternoon  sea  breezes  still  occur  in 
early  fall  and  also  contribute  to  the  increased 
northeast  frequency.  Northwest  and  southeast 
winds  for  the  Roads  neighboring  stations  are 
least  prevalent,  Night  winds  in  fall  (fig,  3.10), 
In  addition  to  showing  some  diurnal  change  in 
wind  direction,  become  cairn  more  frequently 
than  in  any  other  season,  Langley  AFB  hn» 
calms  21,3  percent  of  the  time  and  Oceana  14,1 
percent.  The  diurnal  and  seasonal  increase  in 
calms  at  Norfolk  Municipal  Airport  is  not  as 
pronounced  as  at  the  other  stations;  its  maxi¬ 
mum  in  nighttime  calms  occurs  in  the  summer. 
The  main  diurnal  wind  direction  changes  are,  as 
with  other  seasons,  a  decrease  In  northerly 
winds  and  an  increase  in  south  wiridaT'tbPse 
changes  arc,  however,  not  ns  striking  ns  in  sum¬ 
mertime,  Deviations  from  normal  wind  pat¬ 
terns  urc  apt  to  occur  In  the  fall,  ns  the  pro¬ 
bability  of  hurricanes  affecting  the  uvea  is  at  a 
maximum. 

The  September  wind  roses  (fig,  3,17)  Indi¬ 
cate  a  predominance  of  north  through  east 
winds  at  ull  stations.  The  HrmuJn  blfh  breaks  down 
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nnd  the  region  experiences  nn  increased  fri  - 
quency  offruntnl  passages,  The  fronts  In  thet  • 
latitudes  heroine  past  -west  orientated  wltnimtl  - 
cycUmlv  flow  behind  them,  end  upon  pnsang 
produce  north  through  cmhI  winds  rather  then 
tile  normally  thought  of  northwest  winds.  Also 
toward  the  latter  half  of  the  month,  IIhUhm  Inn; 
contribute  to  tlie  frequency  of  northeast  winds. 
A  sea  breoxe  effect  evidently  reinforces  the 
prevalent  northeast  wind  In  mtdnrtcrnnon,  as 
a  comparison  of  the  1400  IJJT  wind  rose  nnd 
all,  day  wind  rosea  shows  a  more  frequent 
northeast  wind  at  this  hour.  September  diurnal 
changes  (fig,  3,17)  consist  more  of  wind  speed 
changes  than  of  wind  direction,  The  more  pro¬ 
nounced  subsidence  Inversion,  found  on  the  east¬ 
ern  side  ofthe  high  pressure  cell  which  follows 
frontal  passages,  esps  off  the  surface  from  the 
upper  flow  and  produces  more  calm  winds  than 
are  found  In  summer  when  this  area  Is  under 
the  western  side  of  s  high  pressure  cell.  The 
diurnal  wind  direction  changes,  which  are  in 
evidence,  are  mainly  those  previously  encoun¬ 
tered;  Increase  In  south  winds  and  decrease  in 
north  winds.  Although  September  shows  a  high 
frequency  of  galms,  the  average  wind  speeds 
are  higher  than  those  of  August, 

October  wind  roses  (fig,  3,18)  show  a  slml- 
lority  to  September,  except  that  east  winds  are 
less  frequent  and  northwest  winds  more  fre¬ 
quent.  The  area  la  more  affected  by  offahore 
law,,  producing  north  through  northeast  flow, 
than  by  easterly  post,  cold  frontal  antlcyclonlc 
flow  present  in  early  September;  the  Increased 
frequency  of  cold  air  outbreaks  la  responsible 
for  the  Increase  In  northwest  winds,  Westerly 
and  southwesterly  winds  are,  In  the  vicinity 
of  the  Ponds,  least  prevailing,  The  October 
nighttime  winds  shown  In  figure  3.1  H  repre¬ 
sent  diurnal  changes  similar  to  those  discussed 
for  September,  Wind  speed*  in  October  are 
somewhat  higher  than  September  and  average 
0  to  10  knots  at  dny  and  7  to  fl  knots  at  night. 
Cape  Henry  exhibits  no  diurnal  change  In  wind 
speed  in  October, 

The  November  wind  roses  for  daytime  con¬ 
ditions  (fig,  3, Mi)  reflect  the  increased  frequency 
of  strong  mill  front  passages  and  show  con¬ 
siderable  umformlty  In  the  south  clockwise 
through  north  direction*  for  Langley  and  the 
two  Norfolk  stations,  Oceana  nnd  Cape  Henry 
show  less  uniformity  in  tills  semicircle,  ns 
southwest  and  northwest  through  north  winds 
predominate.  Masterly  winds  at  all  Muttons  are 
in  ill-,'  minority.  Like  October  and  September, 


the  November  diurnal  change#  arc  musl!  end 
consist  more  of  a  velocity  det'.rejmr  than  t.u-.‘ 
marked  directional  changes;  although  > L  ‘ 
creased  frequency  of  Mmt'n  windn,  an  war.  f-vl- 
denetnl  for  other  month*,  is  also  present,  No¬ 
vember  wind  rpetuls  show  little  deviation  fiv.ui 
September  nnd  October  averager. 

(f)  Mu  (i 

Wind  rimers  for  height*  of  lap,  301), and  ftiitl 
meter#  were  constructed  to  check  tm  the  vari¬ 
ation  of  wind  with  height,  since  speed  nnd  thr¬ 
ee  lion  remained  cHHimlinlly  unchanged,  them 
roses  were  not  Included  in  the  piihllcnthm, 

3,3,2  iavetultm* 

An  Important  factor  Inhibiting  the  rrpid 
dispersion  (In  both  lime  anti  space)  of  p.n  atmos¬ 
pheric  pollutant  Is  the  presence  of  an  Inversion, 
either  surface  based  or  based  at  some  higher 
altitude.  Tables, 1  presents  the  percentage  fre¬ 
quencies  of  low-level  inversions  at  Norfolk 
Municipal  Airport  by  seasons  and  by  wind  speeds 
of  (a)  10  knots  and  less,  and  (b)  greater  than  ,0 
knots.  These  Inversions  were  determined  from 
0000  OMTO.D00  L, ST)  and  1200  GMT  (0700  I,, ST) 
soundings  1  and  as  such  represent  nocturnal 
radiation  inversion*  more  so  than  daytime  In¬ 
versions;  inversions  during  the  daylight  hours 
are  Infrequent  compared  to  night  hours  and, 
when  they  occur,arc  usually  due  to  larger  scale 
weather  systems,  On  an  annual  baths  nocturnal 
low -level  inversions  are  present  57.0  percent 
of  the  time.  Surface  based  inversion?',  are  by 
far  more  frequent  than  Inversions  based  be¬ 
tween  the  surface  and  l,f)00  feet;  also,  surface 
Inversions  with  surface  wind  speeds  pf  10  knots 
or  less  occur  much  more  often  than  when  surface 
winds  are  greater  than  10  knots.  The  10  knot 
point  for  the  inversion  classification  by  speed 
was  sufigasted  by  the  raw  dnt«;  the  Inversion 
frequencies  for  Individual  wind  speeds  below  10 
knots  were  distributed  such  as  to  make  any  fur¬ 
ther  breakdown  mc-nnlnglesa.  No  inversion 
classification  by  act  wind  speeds  could  bo  noted 
for  ir versions  above  the  surface  and  tit  or  be¬ 
low  1,300  feet;  however,  for  presentation  pur¬ 
poses,  the  same  wind  speed  classification  a*  for 
surface  Inversions  was  used, 

Winter  with  Its  long  nights  is  the  season 
with  the  highest  frequency  of  nocturnal  low- 
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SEASON 

,'NVERS 

ION  HEIGHT 

TOTAL 

HMHHMHEQTZIZiHHHIi 

>Surfa c®  $  1,500  feet 

Surface 

Wind 

Speed 

■Qgf 

g'm» 

$10  kt. 

>  lOkt. 

■gm 

$10  kt. 

Vinter 

46.6% 

8.9 % 

55.5% 

9.3 % 

6.1% 

15.4 % 

70,9 % 

Spring 

30.4 % 

6.4% 

36.8 % 

10.3 % 

7,0% 

17.3 % 

54.1% 

Summer 

29.6 % 

2.5% 

32,1 % 

10.7  % 

5.1 % 

15.8 % 

47.9 % 

Autumn 

45.3% 

3.7% 

49.0% 

4.5% 

2.6 % 

7.1 % 

56.1 % 

Annual 

38.0 % 

5.3 % 

43, 3% 

8.6 % 

5.1% 

13.7% 

57,0% 

level  inversion*,  70,0  paroent  of  tha  time;  and 
summer,  tha  season  of  minimum  frequency,  has 
47,0  percent.  Autumn  and  spring  both  have  ap- 
proximateiy  the  same  number  of  Inversions, 

(a I  Surfoet  Solid 

It  one  first  considers  surface  Inversions, 
then  winter  still  has  the  maximum  (85.5%);  how- 
«v»r,  autumn  (with  Its  clear,  calm  nights)  la 
close  behind  (40,0%);  spring  and  summer  now 
are  the  seasons  of  minimum  inversions.  The 
above  olmilarlty  in  frequency  of  inversions  for 
winter  and  autumn  (fall)  on  one  hand,  and  spring 
and  summer  on  the  other  is  more  evident  if  one 
considers  only  surface  inversion*  with  surface 
wind  speeds  of  10  knot*  or  less;  in  this  case 
fall  (45.3%)  and  winter  (48,8%),  and  spring 
(30,4%)  and  summer  (20, G%)  are  essentially 
Identical,  The  frequency  of  surface  Inversions 
with  surface  wind  speed*  greater  than  10  knots 
Is  low,  5,3  percent  annually  with  a  range  from 
ii. 0  percent  in  winter  to  2,5  percent  In  summer. 
With  those  higher  wind  speeds  the  season  of 
maximum  surface  inversion  fe-quenclea  shifts 
from  fall-winter  to  wlnter-spr..,g. 

Figure  3,20  presents  an  annual  and  the 
seasonal  wind  direction  distributions  associated 
with  surface  bared  Inversions,  using  lb«>  aurno 
•■prod  breakdown  ns  was  used  for  the  percentage 
!  retptoncy  tabulation.  Clearly  evident  during 
inversions,  with  low  wind  speeds  (S  10  knots), 
a  re  the  preferred  southwest  and  south  wind  dir- 
•  M'.iv,  during  nil  seasons  of  the  year,  and  <•■*- 


psclally  in  summer  and  spring,  Inversions 
with  winds  from  a  west  through  northwest  dir¬ 
ection  are  relatively  Infrequent;  winds  from 
this  direction,  quite  often  a  result  of  n  cold 
front  passage,  have  a  relatively  higher  velocity 
end  the  accompanying  air  mass  is  usually  un¬ 
stable  In  the  lower  layers  (cold  air  over  a  warm¬ 
er  surface),  Wind  roses  for  Inversions  with  sur¬ 
face  wind  speeds  greater  than  10  knots  indicate, 
even  more  pronouncedly,  the  preferred  south¬ 
west  and  south  wind  directions  during  Inver¬ 
sions;  in  addition,  a  secondary  maximum,  a 
north  wind,  in  fall  and  winter  la  also  in  evidence 
for  those  higher  wind  speeds. 

(hj  Abovf  Surfaet,  but  At  or  Ihlow  1,300  Fill 

The  seasonal  variation  for  inversions  n- 
bove  the  surface  and  at  or  below  300  feet  is 
small,  Spring  has  the  highest  total  frequency 
(17,3%)  with  summer  (13,8%)  and  winter  (18, 4%) 
frequencies  being  somewhat  lower;  autumn  fre¬ 
quencies  (7,1%)  represent  about  one-half  of  the 
frequencies  of  the  other  seasons,  The,  speed 
breakdown  for  these  Inversions  does  not  yield 
nny  further  Information  than  Is  apparent  in  the 
mt nl  frequencies.  The  relatively  higher  per- 
i-enlriRcs  of  these  inversions  found  In  spring 
and  summer  is  duo  to  surface  homing  which 
hi  a  tnkon  place  by  the  time  of  the  1)700  LIST 
(1200  (,MT)  sounding.  Tills  healing  cuunes  the 
lifting  of  a  Hiirfncri  based  inversion, 

'''lie  wind  roses  presented  lit  figure  3,21 
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rlfun  3 , 20,  Annual  arid  S’*  tonal  WlndDIruollona  Durint  turlaei 
taaad  Invatalona  al  Norfolk  (OKF),  Wind  Spaada: 
ilO  knelt,  and  >10  knola, 

•how  considerable  difference  from  the  surface 
inversion  rose*  when  compared  seasonally. 
The  main  difference  being  an  Increrutc  In  in* 
version*  with  northeast  and  east  wind*  and  a 
decrease  in  inversions  with  southwest  wlnia; 
winter  shows  the  greatest  difference  In  the  two 
Inversion  classification*  and  summer  showsthe 
least.  However,  the  annunl  comparison  of  wind 
msesfor  those  two  classes  of  Inversions  shows 
considerable  uimilnrlty;  the  basic  differences 
evident  In  tho  seasonal  comparison,  although 
still  present,  are  smoothed, 

3.3.3  Kleinmla  nf  Wi*«tli»r 
(ti)  I’ritclpiliilliin 

l'reclpitntlon  is  related  to  pnliuUon  in  that 
cum  (or  kiiow)  may  act  an  u  ''cleansing"  agent 
in  ttn>  utmnnphorp  and  suppress  the  wlde-sprond 
dispersion  of  a  pollutnnt,  producing  heavier 
dosage  ii.nd  (lepojiillon  nearer  to  the  source. 


rUm*  3,21,  Annunl  end  ianaonal  Wind  Diraollona  Durint  Invar¬ 
alona  balwean  Ik  a  Surface  ant/ 1,500  Inal  al  Norfolk 
fONKJ,  Wind  Spoada:  ill)  knola  and  •>  ;0  knola , 

Tho  Hampton  Roods  region,  being  Influ¬ 
enced  by  middle  latitude  cyclones  in  the  colder 
season  end  thunderstorms  during  the  warmer 
months,  docs  not  have  s  character  latte  dry  sea¬ 
son,  Figure  3.22  portrays,  by  months,  the  mean 
number  of  days  with  ,01  Inches  or  more  of  pre¬ 
cipitation;  the  range  Is  narrow  and  is  from  a 
maximum  of  12  days  In  March  (also  11  days  In 
April  and  July)  to  a  minimum  of  U  days  occurr¬ 
ing  on  four  separate  months  —  June,  September, 
October,  and  December.  The  driest  sue cto active 
months  are  October  through  December  and  the 
wettest  sticocHslve  months  are  Murch-Aprll 
and  July-August, 

Referring  back  to  figure  3.2,  one  can  see 
a  somewhat  different  presentation  of  precipi¬ 
tation  data,  here  normal  total  monthly  precipi¬ 
tation  is  portrayed.  July  has  the  highest  tn*n! 
monthly  rainfall,  nearly  twice  that  of  March. 
Thus,  although  March  has  more  rainy  days  tVmn 
July,  the  amount  of  rate  (over  .()!  when)  railing 
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Fllvtt  3.33.  Annual  Variation  at  Norlotk  (OFF)  ok  (a)  Hmbot  ol  Day  Kaoh  Month  With  Pravlpltatltm,  Thvnderatormn.  and  Heavy  Fag; 
(b)  Average  Monthly  Relative  Humidity  (%i  -  Day  and  Might. 


on  a  given  March  day  la  lata  than  on  a  July  day. 
Precipitation  In  March  la  mora  of  the  light, 
warm  front  type;  whereas  July  has  intense 
showery  precipitation  aaaoclatod  with  thunder* 
storm*.  The  fall  month*,  considering  both 
forma  of  precipitation  presentation  (figs.  3.2 
and  3,22)  show  both  fewer  rainy  day*  und  a 
fimeller  total  amount  of  precipitation,  Annual 
snowfall  nmounta  are  small,  4.7  inches  on  the 
uvrrage;  only  two  days  per  year  have  more  than 
I  Inch  snowfall*. 

Figure*  3.23  through  3,27  indicates  annual 
unci  r.rasonal  wind  direction  and  speed  during 
liny  precipitation  and  night  precipitation;  these 
rotten  present  much  m  >  uniformity  between 
r.tnt tons  than  the  nnnprectpitntion  roses  previ¬ 
ously  presented,  Tiir  annual  day  roses  (fig, 
3,23)  portray  tlio  influenc  e  of  the  most  common 
ruin  producer  In  the  urea  —  un  offshore,  north- 
easterly-moving,  low  pressure  system  whicli 
producra  north  or  northeast  winds  and  usually 
rum.  The  remaining  wind  directions,  on  an 
annuel  Imsis,  arc  approximately  equal  us  ruin 
io-oduc  era;  however,  at  all  stations  west  winds 


and  calms  are  the  least  common  during  day  pro* 
clpitation.  Annual  night  roses  (fig.  3.23)  do  not 
indicate  any  significant  diurnal  changes,  either 
in  wind  speed  or  direction,  during  precipitation. 

The  winter  day  rosea  (fig.  3,24)  depict  the 
influence  of  procipltution-produeing  cold  front* 
al  passages,  which  produce  northwest  through 
north  wind*  In  this  region;  influence*  of  off* 
shore  loan  are  also  evident  but  In  not  as  pro¬ 
nounced  a  fashion  as  on  an  annual  basis,  Di¬ 
urnal  changes  (fig.  3,24),  in  evidence  in  the  non- 
precipitation  rosea,  are  essentially  absent  due 
to  the  presence  of  clouds  (which  suppress  out¬ 
going  radiation)  and  to  stronger  pressurtj.gnidi- 
rnts  during  precipitation. 

Winds  during  precipitation  in  spring  (fig, 
3.25)  arc  mainly  from  the  north  through  east. 
A  significant  decrease  is  noticeable  from  winter 
to  spring  in  northwest  winds,  Windu  from  tin: 
south  clockwise  through  northwest  are  leant 
predominant.  Springtime  rain  in  nssocir.lfd 
with  winds  having  an  over  wuter  trajectory  and, 
hence,  with  wind. a  which  have  c r. n t r r ' y  emnpnn- 
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ents,  The  night  winds  (fig.  3,25),  except  for  a 
slight  decrease  in  speed,  show  little  diurnal 
change  during  precipitation. 

Summer,  with  some  exception  in  winds  from 
the  west  and  northwest,  shows  the  most  uni* 
form  wind  distribution  of  ail  seasons  (fig.  3,20), 
More  uniform  wind  roses  would  be  expected  in 
summer,  since  thunderstorms  —  the  main  con* 
trlbutor  to  summer  precipltstlon  totals  —  arc 
apt  to  be  randomly  located  with  reapect  to  a 
station,  thus  resulting  In  random  wind  direc¬ 
tion*  during  prealpltation.  The  slightly  higher 
northeast  wind  frequency  is  due,  in  part,  to  off* 
ehore  town  which  oan  occur  in  summer  and 
which  result  in  overoast  days  with  light  prscipi* 
tstlon,  The  diurnal  changss  in  summsr  pre¬ 
cipitation  wind  roses,  evldsnt  in  figure  3,20, 
are  mainly  an  Increased  frequency  of  south- 
weat  wlnda, 

The  north  through  northeast  predominant 
wind  directions  for  fall  day,  precipitation  wind 
rosea  (rig,  3.20)  indicate  that  offshore  cyclonic 
developments  are  responsible  for  autumn  pre¬ 
cipitation  In  this  region,  The  remaining  wind 
directions  are  relatively  infrequent  and  uni¬ 
form  among  thanaelvea,  Fall,  in  addition  to 
summer,  alio  shows  some  diurnal  change  (fig, 
3,27),  na  the  frequency  of  northeast  and  north¬ 
west  winds  increase,  and  the  frequency  of  north 
winds  decrease  slightly,  TI;o  fall  night  winds 
show  predominant  northwest  th,  )Ugh  northeast 
winds  during  precipitation)  the  remaining  direc¬ 
tion#  east  through  wi  st  are  uncommon, 

fh)  Tkiuiirrtiormt 

From  a  pollution  standpoint,  thundoritorms 
arc  Important  not  only  because  of  tho  rainfall 
they  produce  but  also  because  they  serve  at*  in¬ 
dicator#  of  atmospheric  stability;  i.  e,,  iow- 
ievwl.  Months  which  indicate  a  high  frequency 
of  thunderstorms  would  also  be  expectodto  -how 
strong  (muperadlabatic)  lapse  rates,  which  arc 
more  conducive  to  the  vertical  dispersion  of  a 
pullutunt  than  neutral  or  Inverted  lapse  rutes; 
common  during  months  of  low  thunderstorm  fre¬ 
quency,  For  example,  n  July  afternoon  would 
disperau  a  pollutant  more  effectively  than  a  No¬ 
vember  afternoon,  on  the  average. 

The  monthly  frequency  of  thunderstorms 
may  be  seen  In  figure  3,22,  where  the  mean 
number  of  days  with  thunderstorms  Is  given  for 
each  month.  Thunderstorms  are  rare  in  Janu¬ 
ary,  begin  occurring  in  February,  gradually  be¬ 


come  more  numerous  with  the  approach  of  sum¬ 
mer,  peak  in  July-Aueust,  drop-off  rapidly  In 
September  ihiOUan  Otnouer,  and  become  un¬ 
common  in  November  and  December,  A  pi,™ 
sir-mass  thunderstorm  ':t  less  common  in  this 
region  (over  land)  than  generally  thought  to  be 
the  case.  Some  convergence  mechanism,  in 
addition  to  solar  insolation,  is  usually  neces¬ 
sary  for  thunderstorm  occurrence.  The  con¬ 
vergence  mechanism  may  appear  insignificant 
on  a  weather  map,  such  ea  a  alight  cyclonic 
curvature  of  an  isobar  which  is  part  of  a  high 
pressure  ceil,  but  a  careful  analysis  of  the  syn¬ 
optic  situation  will  reveal  that  it  lathe  spark 
which  is  needed  to  eet  off  the  activity.  As  a 
point  of  emphasis,  thunderstorm  can  and  do  oc¬ 
cur  at  night  in  this  region, 

(•)  Fog 

Fog,  like  thunderstorms,  can  bo  used  to  es¬ 
timate  atmospheric  atablllty  In  the  lower  layers; 
the  presence  of  fog,  however,  indicates  rather 
stable  conditions  (as  opposed  to  thunderstorm*)) 
and  thus  poor  dispersion  of  a  pollutant, 

The  mean  number  of  days  with  thick  fog 
(visibility  lea*  than  1/4  mile)  per  month  Is  pre¬ 
sented  in  figure  3,22,  Tho  monthly  range  of 
days  is  small  with  a  minimum  of  1  day  in  July 
and  a  maximum  of  3  days  occurring  on  5  depu¬ 
rate  months,  Thefogcintho  foggier  successive 
months,  October  through  December,  are  moinly 
due  to  radiation,  a  result  of  long  nights  and  cleRr 
Skies, 

(i)  Sky  Covtr  and  C.laudt 

Tho  presence  of  clouds  during  tho  day  in¬ 
hibits  solar  heating  Btthe  surface,  thus  yielding 
poorer  diffusion  conditions.  On  the  other  hnnd, 
during  the  night,  cloud*  tend  to  reduce  outgoing 
radiation  thereby  reducing  the  possibility  of  an 
inversion  formation  and  poor  diffusion. 

Monthly  menn  sky  cover,  frornjiunrUe  to 
sunset,  is  presented  In  figure  3,28n,  Tho  rung*) 
is  from  a  high  of  O.tift  In  January  to  a  low  of  0,58 
In  November,  Sky  cover  decreases  from  winter 
to  spring,  leva’  •'ffin  summer  and  full,  nnd  be¬ 
gins  Increasing  with  the  approach  of  winter. 
Another  statistic  of  monthly  sky  condition  is 
presented  in  figure  3,2Bb,  where  the  mean 
monthly  number  of  days  with  clear,  partly 
cloudy,  and  cloudy  skle#  enu  bo  seen.  Cloudy 
(0,8  to  1,0  tenths  sky  cover)  dnv.s  are  at  n  innxt  - 
mum  In  winter  nnd  early  spring  and  hit  at  a 
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minimum  in  cummer;  June  hat  the  least  num¬ 
ber  of  cloudy  days  (8),  Partly  cloudy  days  (0,4 
to  0,7)  are  more  frequent  in  the  warmer  month* 
at  a  result  of  convective  activity  which  tend*  to 
be  of*  partly  cloudy  nature.  The  monthly  range 
of  clour  (0.0  to  0.3)  d»ya  it  smaller  than  that 
of  the  other  eky  condition* ,  with  Octobor  and 
November  showing  n  distinct  maximum.  This 
maximum  it  due  more  to  a  reduction  in  day* 
with  partly  cloudy  skies  than  to  a  reduction  in 
overcast  days  (convective  activity  decreases 
considerably  in  the  fall). 

One  type  of  cloud,  stratus,  varies  with  con¬ 
siderable  frequency  and  set  of  synoptic  patterns 
In  the  area  to  warrant  special  discussion,  Stra¬ 
tus  (and  sometimes  fog)  may  be  advocted  into  the 
region  from  two  different  high  pressure  regions, 

Northeast  tuamt  is  often  found  in  spring  and 
renullit  from  the  typical  synoptic  situation  pre¬ 
sented  in  figure  3.20.  The  movement  of  u  con¬ 
tinental  polur  air  mass  or  of  u  cold  maritime 
polar  air  mass  to  n  center  over  New  England, 
with  a  wedge  of  high  pressure  extending  along 
the  Atlantic  coast,  causes  easterly  or  north¬ 


easterly  circulation  in  this  region;  the  over 
water  trajectory  of  this  circulation,  from  rela¬ 
tively  warmer  Gulf  Stream  waters  to  the  colder 
waters  near  the  coast,  i»  responsible  for  the 
stratus  formation,  This  type  of  stratu*  1*  usu¬ 
ally  quite  persistent  and  will  sometimes  ..si 
for  days  with  unly  slight  clearing  during  the 
afternoon*  oftheae  days.  The  top  ofthe  stratus 
layer  attains  a  height  of  2,500  to  3.000  feet 
with  bases  averaging  50  to  BOO  feet.  Wind  speede 
of  10  to  15  milot*  per  hour  are  must  fovorablo 
for  those  condition*,, 

The  other  type  of  common  stratus  is 
» train*,  most  prevalent  In  summer;  It  Is  caused 
from  an  entirely  different  synoptic  situation 
than  the  udvectlve  northeast  stratus  .  South  Jlra.'u,  (or 
fog)  is  usually  caused  by  a  combination  of  radi¬ 
ation  and  ad  vent  Ion,  und  although  occus  mg  more 
often  than  northeast  stratus  ,  docs  not  lust  as  long; 
it  usually  forms  between  0500  KST  and  0000 
EST  and,  due  to  strong  summer  hunting,  starts 
dissipating  and  lifting  between  OttOO  EST  and 
0000  EST,  South  stratus  (or  fog),  however,  gives 
ceilings  below  200  feet  and  visibilities  below 
1/2  mils  about  twice  the  number  of  hours 
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4.  TH6  POLLUTION  POTgNTIAL  OP  HAMPTON  ROADS 


In  the  foregoing  aeetlons,  th#  major  factor* 
affecting  the  dispersion  and  deposition  of  con¬ 
tamination  products  and  the  climatology  of  the 
Hempton  Road#  area  have  been  discussed  a* 
Individual  subjects.  The  fact  that  a  major  re¬ 
lease  Itself  la  should  be  strongly 

stresasd,  but  It  la  also  interesting  to  review 
the  probabilities  of  the  various  meteorological 
occurrences  in  the  event  of  a  pollutant  release. 
This  Is  a  matter  of  combining  the  climatology, 
a  map  of  the  area,  and  the  various  diffusion 
patterns, 

From  the  foregoing  aoetlon,  it  should  bo 
evident  to  the  reader  that  the  Hampton  RoaJt  arm  kat 
a  lam  pollution  potmtial, 

4.1  Under  Southwest  Plow 

The  effect  of  the  Bermuda  htfk ,  with  Its 
southwest  flow,  is  partly  responsible  for  this 
low  potential,  Its  affect  Is  felt  throughout  the 
warm  season  and  in  many  cases  oven  in  winter. 
Figure  4,1  might  be  considered  as  a  probable 
day  diffusion  pattern  during  tho  warm  season 
when  the  Hampton  Roads  nrsa  Is  under  south¬ 
west  flow  (which  is  oftsnl;  a  mid-day  wind  speed 
of  8  knots  (  4m, /sec.)  snd  moderate  Insolation 
hnvobosn  used  for  Illustration.  Assuming  a  re¬ 
lease  occurring  In  the  corner  of  the  Roads,  It 
can  be  seen  that  the  significant  dosages  do  not 
occur  over  sny  population  centers  snd  ara  re¬ 
stricted  to  water  areas.  Figure  4.2  la  for  a 
night  release  during  southweat  flow.  This  situ¬ 
ation  occurs  even  moro  often  than  day  southwest 
fiow,  as  It  occurs  not  only  In  conjunction  with 
the  Bermuda  4 <i*  but  alao  aa  a  result  of  a  lo¬ 
cal  circulation  set  up  under  Inversions  during 
other  times  of  the  year;  In  fact,  It  is  the  most 
frequontwinddlrsctlon  during  Inversions  (which 
occur  more  than  50%  of  tho  time).  A  speed  of 
4  knots  (2  m,/s«o.)  and  a  condition  of  loss  than 
3/8  cloudiness  has  been  assumed.  Hero,  some 
significant  dosages  might  temporarily  effect  the 
sparsely  populated  lower  tip  of  the  Delmarva 
peninsula  nr  the  plume  made  Its  way  to  the  open 
or  can.  However,  In  most  cases  meteorological 
conditions,  with  the  onset  of  daytime,  would 
change  to  some  sort  of  lapse  condition  before 
significant  dosages  reached  the  peninsula, 

4.2  Un4*r  NoHh*a»t  Flow 

The  other  wind  direction  which  occurs  fre- 
■  jucritly  Is  i'  northeast  wind.  This  can  occur  an 


a  result  of  a  sea  breeze  which  ta  produced  under 
weak  gradient  conditions  in  the  warm  season,  or 
in  other  seasons  as  a  result  of  offshore  passing 
u<wt  or  tho  flow  around  tho  eastern  edge  of  a 
high  pressure  cell.  Figure  4,3  depict*  the  sea 
breeze  situation;  strong  insolation  and  a  wind 
speed  of 4  knots  (2m, /see,)  are  assumed.  Here, 
also  due  to  the  large  vertical  diffusion  coef¬ 
ficients  involved,  significant  dosages  do  not 
reach  land  and  occur  over  the  water.  Tho  other 
conditions  yielding  northeast  winds  Involve 
strong  winde  and  cloudy  conditions;  figure  4,4 
thus  depicts  both  day  and  night  diffusion  (a  wind 
speod  of  20  knots  Is  assumed  and  neutral  sta¬ 
bility),  Although  significant  dosages  extend  over 
land  areas  (10  and  00  unit  isopleths),  lethal 
dosages  (greater  than  400  units)  do  not;  also,  it 
should  be  noted  that  the  land  areas  over  which 
these  dosages  occur  are  relatively  sparsely 
populated. 

4.J  Other  Wind  Flows  end  Conditions 

A  wind  direction  from  the  northwest  would 
tend  to  disperse  a  pollutant  owr  th#  metropoli¬ 
tan  Norfolk  area;  however,  as  has  been  seen, 
northwest  winds,  cohtrnry  to  expectations,  are 
tn/ntfaeni  in  the  region,  (Since  winter  storm 
tracks  usually  are  far  enough  north  of  this  re¬ 
gion  so  that,  following  a  cold  front  passage,  this 
locale  Is  under  the  anticyclonie  flow  of  a  cold 
A f*A  rather  than  the  tight  cyclonic  circulation 
of  a  Iota  ,  as  is  the  csss  in  New  England.) 

The  cities  of  Hampton  and  Newport  News 
also  have  a  low  pollution  potential  since  a  south¬ 
east  wind,  which  Is  needed  to  carry  a  pollutant 
released  in  the  Roads  in  their  direction,  is 
tart  , 

The  study  of  the  climatology  ha#  also  »nown 
that  It  1#  moro  probable  that  there  will  bo  no  rain, 
fog,  or  thunderstorms  (that  Is,  tho  Hampton 
Ronds  region  Is  not  mi ttmtly  wot  or  foggy,  nor 
does  it  have  vtry  numfrrmf  thunderstenm#),  »o  that 
in  an  estimate  of  the*  general  pollution  potential 
of  the  area,  It  con  be  assumed  that  those  meteo¬ 
rological  events  would  not  be  taking  place  the 
majority  of  the  time.  It  should  he  emphasised, 
however,  that  the  deviations  in  diffusion  value# 
and  marked  deposition  ooti/rf  mult  ,  In  Ihe  event" 
rain  or  showery  precipitation  associated  with 
thunderstorms  were  occurring  during  u  pollution 
episode. 
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4.4  Coflilutlen 

The  Hampton  Hoads  region  has  n  relatively 
low  air  pollution  potential.  This  la  due  to  the 
loual  topographic  features  and  the  geographic 


arrangement  of  the  population  centers,  npnraely 
populated  land  areas,  nnd  nonpapulated  \v«*cr 
regions,  in  conjunction  with  the  locnl  wind  re¬ 
gime  and  the  nonfraqusnt  occurrence  of  meteo¬ 
rological  events  conducive  to  pollution, 
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APPENDIX  ■  EXAMPLE  OP  DIFFUSION  CALCULATION  USING  THg  GIFFORD  MODIFICATION 
OF  THE  PASOUiLL  FORMULA 


1,  Tho  Clifford  Modification  of  the  I  ’nBqulll  for¬ 
mula  Is: 


where  Q  *  total  units  of  pollutant  released 

V  *  ground-level  total  integrated  dos¬ 
age  In  units-seeonds  per  cubic 
meter 


Burning  ground-level  release  reducer,  to: 


X  S  9,  9,  tf  '  (3) 

since  the  y  and  tho  A  In  the  exponential  term 
equal  sort),  thereby  making  the  exponential 
term  equal  to  one  f«*  •  1)  , 

Thu*!  „  _  200,000 

*  *i  (4 )  (3) 


T  «  average  wind  speed  in  meter*  per 
second 

A  ■  height  of  the  aource  above  the 
ground  in  meter* 

r  ■  lateral  (erosswind)  diatance  from 
the  plume  axia  in  meters 

•,  •  horlaontal  diffusion  ooofflciont  In 

meters 

»i  •  vertical  diffusion  coefficient  in 

meter* 


From  table  1,1,  a  summer  afternoon  with  clear 
skies  results  in  a  condition  of  strong  insola¬ 
tion,  A  combination  of  strong  insolation  and  a 
wind  speed  of  4  meters  per  second  yields  e 
meteorological  category  of  type  «  (moderately 
unstable  condition). 

Entering  figure  1,0  at  the  intersootion  of  mete¬ 
orological  category  fl  and  an  hxIr!  distance  of 
1  kilometer  (the  distance  at  which  the  dosage 
value  is  desired)  we  find; 

°>  •  1.0x10*  meters, 


2,  Figures  1.6  and  1,7  and  table  1.1  reproduced 
here,  and  located  on  pages  6  and  7,  are  used 
to  calculate  »i  and  «,  , 

3,  Example  •  Lst  us  determine  the  axial  (along 
the  direction  of  the  wind)  total  integrated 
dosage  a  person  would  be  subjected  to  at  a 
distance  of  1  kilometer  (10*  meters)  using 
the  following  assumptions; 

(a)  a  summsr  afternoon  with  clear  akies, 

(b)  n  wind  speed  of  4  meters  per  second, 

(c)  a  release  of  200,000  units  of  pollutant, 

(d)  a  release  occurring  at  ground  level. 
The  diffusion  equation  for  axial  dosage  ns- 


Slmilarly,  entering  figure  1.7  we  find; 

■  1,1  x  10*  meters. 

Inserting  these  values  for  o,  and  Into  equa¬ 
tion  (3)  wa  have; 

300,000 _ 

V  '  (»)  (1, 6  x  10')  (1.1  x  10')  (4) 

■  ,092  unlts-seconds  per  cubic 
meter. 

Thus,  at  a  distance  of  1  kilometer,  a  person 
would  recieve  a  dosage  of  .002  unlts-seconds 
per  cubic  meter  for  a  ground  pollutant  release 
of  200,000  unite,  on  a  cloar  summer  afternoon 
with  r  wind  speed  of  4  meter«  per  reeond  (  *  a 
knots). 
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